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Questo volume raccoglie le 23 memorie presentate alla dodicesima “Giornata di studio 
Ettore Funaioli", svoltasi il 20 luglio 2018. Alcune memorie sono riportate in esteso mentre 
di altre ne viene riportato il solo sommario. Ai partecipanti, e in particolare agli autori 
delle memorie qui raccolte, va il sentito ringraziamento degli organizzatori della Giornata: 
a loro si deve il continuo successo della manifestazione, chiaramente legato anche al 
ricordo del Prof. Ettore Funaioli, che ricordiamo sempre con grande stima e gratitudine 
per l’appassionato insegnamento scientifico e la profonda umanità. 
La folta adesione a queste Giornate di Studio conferma anche l’apprezzamento dei 
partecipanti per l’occasione che esse offrono di ritrovarsi amichevolmente fra colleghi, per 
scambiarsi idee e opinioni sulle ricerche in corso e sui problemi generali della nostra 
comunità scientifica. 
È motivo di grande soddisfazione per tutti, e sicuramente ragione di orgoglio per i nostri 
Maestri, constatare l’elevata qualità scientifica dei lavori presentati e il costante impegno 
dei Ricercatori di Meccanica che hanno partecipato alla manifestazione. 
Questa Giornata di studio si è svolta con il patrocinio dell’Accademia delle Scienze 
dell’Istituto di Bologna e del GMA – Gruppo di Meccanica Applicata. Di ciò ringraziamo 
vivamente il Presidente dell’Accademia delle Scienze, Prof. Walter Tega, e il Presidente del 
GMA, Prof. Terenziano Raparelli. 
La Giornata ha potuto svolgersi anche grazie alla collaborazione della Scuola di 
Ingegneria e Architettura e del DIN – Dipartimento di Ingegneria Industriale dell’Alma 
Mater Studiorum – Università di Bologna. Ringraziamo il Presidente della Scuola di 
Ingegneria e Architettura, Prof. Ezio Mesini, e il Direttore del DIN, Prof. Antonio Peretto, 
che hanno consentito queste collaborazioni e hanno voluto aprire la Giornata porgendo il 
loro saluto ai partecipanti
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
Vincenzo Parenti Castelli – Alessandro Rivola
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Abstract. In this work innovative coating solutions are presented and their damping 
behaviour experimentally is investigated by means of dynamic measurements on specimens 
in the form of coated slender beams. The effectiveness of the different solutions is compared 
by means of a damping estimator and the results are discussed. A multilayer beam model, 
taking into account of the dissipative actions at the interface between the layers by means 
of a complex interlaminar impedance, is also presented. Some model application examples 
and some prototype solutions based on organic polymers are shown. 
Keywords: coating technology, damping, multilayer beam, organic polymers 
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&RPSRVLWH FRPSRQHQWV WKDW FRPELQH KLJK GDPSLQJ ZLWK KLJK VWLIIQHVV DQG UHVLVWDQFH
SURSHUWLHV FDQ EH REWDLQHG E\ PHDQV RI WKH PXOWLOD\HU FRDWLQJ WHFKQRORJ\ >@ 7KH
DGRSWLRQ RI UHODWLYHO\ WKLFN FRDWLQJ OD\HUV PDGH RI KLJK GDPSLQJ PDWHULDOV JHQHUDOO\
UHTXLUHVVWURQJPRGLILFDWLRQVRIERWKWKHJHRPHWULFDODQGWKHPHFKDQLFDOSURSHUWLHVRIWKH
FRPSRQHQW1HYHUWKHOHVVE\FRQWUROOLQJWKHFRDWLQJPDWHULDOVDUFKLWHFWXUHDQGSURGXFWLRQ
WHFKQLTXH WKH FRPSRQHQW JHRPHWU\ VWLIIQHVV DQG VWUHQJWK SURSHUWLHV FDQ EH WXQHG
DFFRUGLQJWRWKHGHVLJQHUVSHFLILFDWLRQV6LQFHKLJKHQHUJ\GLVVLSDWLRQE\YLVFRXVLQWHUQDO
DFWLRQVUHTXLUHVWKHDGRSWLRQRIDFRDWLQJYROXPHEHLQJQRWQHJOLJLEOHZLWKUHVSHFW WRWKH
YROXPH RI WKH XQFRDWHG FRPSRQHQW KLJK WKLFNQHVV FRDWLQJ OD\HUV VKRXOG EH DGRSWHG DV
ZHOO1HYHUWKHOHVVDPXOWLOD\HUHGWKLQFRDWLQJDUFKLWHFWXUHFDQEHGHVLJQHGE\PD[LPL]LQJ
WKHZRUNRIWKHGLVVLSDWLYHDFWLRQVDWWKHLQWHUIDFHEHWZHHQWKHFRDWLQJOD\HUVVRWKDWEHWWHU
UHVXOWV LQ WHUP RI GDPSLQJ EHKDYLRXU FDQ EH REWDLQHG ZLWK D FRDWHG WKLQ PXOWLOD\HU
FRPSRQHQWZLWKUHVSHFWWRDVLQJOHOD\HUHGFRDWLQJVROXWLRQRIWKHVDPHWKLFNQHVV
,Q WKLVZRUN WKHHIIHFWLYHQHVVRIGLIIHUHQWFRDWLQJ VROXWLRQV LV HVWLPDWHGE\PHDQVRI
QXPHULFDOVLPXODWLRQVDQGRIH[SHULPHQWDOPHDVXUHPHQWVRQWHVWVSHFLPHQVLQWKHIRUPRI
WKLQPXOWLOD\HUHGVOHQGHUEHDPV7RVLPXODWHWKHUHVSRQVHRIFRPSRVLWHEHDPVSHFLPHQV
DQH[WHQGHGPXOWLOD\HUEHDPPRGHOEDVHGRQ]LJ]DJEHDPWKHRU\LVSUHVHQWHG>@7KH
PRGHOWDNHVLQWRDFFRXQWRIERWKWKHGLVVLSDWLYHDFWLRQVDWWKHOD\HULQWHUIDFHDQGWKHHIIHFWV
RIGLVWULEXWHGYLVFRXVJURXQGFRXSOHGFRQVWUDLQWV
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)LJXUH0XOWLOD\HUEHDPH[SHULPHQWDOVSHFLPHQ
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0RGHOV RI FRPSRVLWH EHDPV DQG SODWHV ZHUH GHYHORSHG LQ WKH SDVW E\PDQ\ UHVHDUFKHUV
>@ EXW QR HIIRUW ZDV GHGLFDWHG RQ ORFDOO\ PRGHOLQJ WKH V\VWHP LQWHUQDO GLVVLSDWLYH
DFWLRQV DQG RQ YDOLGDWLQJ WKH PRGHO E\ H[SHULPHQWDO WHVWV 0RGLILHG %HUQRXOOL(XOHU
7LPRVKHQNR EHDP DQG KLJKRUGHU EHDP WKHRULHV WDNLQJ LQWR DFFRXQW RI GLIIHUHQW VWUHVV
VWUDLQUHODWLRQVKLSUHODWHGWRWKHGLIIHUHQWOD\HUVHJOD\HUZLVHWKHRULHVZHUHSURSRVHGLQ
WKHSDVW>@,QVRPHOD\HUZLVHEHDPWKHRULHVWKHQXPEHURINLQHPDWLFYDULDEOHVDQGWKH
FRPSXWDWLRQDO ORDG PD\ LQFUHDVH ZLWK WKH QXPEHU RI OD\HUV =LJ ]DJ WKHRULHV PDNH LW
SRVVLEOH WRGHDOZLWKD ORZQXPEHURIVWDWHVSDFHYDULDEOHVVWULFWO\QRWGHSHQGLQJRQ WKH
QXPEHURIOD\HUV>@
7KHPRGHOSUHVHQWHGLVDQH[WHQGHGPXOWLOD\HUEHDPPRGHOEDVHGRQ]LJ]DJPXOWLOD\HU
EHDP WKHRULHV >@ 7KH GLVVLSDWLYH DFWLRQV DUH PRGHOOHG E\ UHOD[LQJ WKH NLQHPDWLFDO
GLVSODFHPHQWFRQWLQXLW\DWWKHOD\HULQWHUIDFHDQGE\LQWURGXFLQJFRPSOH[HODVWRK\VWHUHWLF
G\QDPLFDO LQWHUIDFH FRXSOLQJ 7KH HIIHFWV RQ WKH GLVVLSDWLYH SURSHUWLHV RI VWDQGDUG
GLVWULEXWHGYLVFRXVFRQVWUDLQWVDUHDOVRWDNHQLQWRDFFRXQW
7KHFRQVWLWXWLYHHTXDWLRQVRIWKHi-thOD\HUDUH)LJ
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6PDOOGLVSODFHPHQWDQGGHIRUPDWLRQ ILHOG LV DVVXPHGVR WKDW WUDQVYHUVHGLVSODFHPHQW
w  LV DVVXPHG DV EHLQJ VWDWLRQDU\ ZLWK UHVSHFW WR Ș. 7UDQVYHUVH DQG ORQJLWXGLQDO
GLVSODFHPHQW w u DUHDVVXPHGDV
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$WWKHLQWHUIDFHEHWZHHQOD\HUVDQHODVWRK\VWHUHWLFFRQVWLWXWLYHUHODWLRQVKLSLVDVVXPHG
DQGDFRPSOH[LPSHGDQFHLVLQWURGXFHGUHVXOWLQJLQ NG\QDPLFVOLSSLQJHODVWRK\VWHUHWLF
FRXSOLQJFRQGLWLRQ
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,W LV DVVXPHG WKDW ORQJLWXGLQDO GLVSODFHPHQW u FDQ VKRZ VOLS GLVFRQWLQXLW\ DW WKH
LQWHUIDFHVEHWZHHQGLIIHUHQWOD\HUV
( ) ( )( ) ( )( )i i iu u uη η η+ −Δ = −  
%\PHDQVRI WKHDSSOLFDWLRQRI WKHNHTXLOLEULXPFRQGLWLRQVDQG WKHN LQWHUIDFH
VOLS HTXDWLRQV WKH N VWDWH YDULDEOHV DUH UHGXFHG WR RQO\ WKUHH LQGHSHQGHQW VWDWH
YDULDEOHVwad >@. 7KLV UHVXOW LVQRWGHSHQGHQWRQ WKHQXPEHURI OD\HUVRI WKHEHDP
PRGHOFRQVLGHUHG$VWDWHYDULDEOHYHFWRULVLQWURGXFHG
( ) ( ) ( ) ( ){ } ( ) ( )    Tt u t w t c t tξ ξ ξ ξ ξ= = ⋅9 = į  
DQG=FDQEHPRGHOHGE\PHDQVRIDGLVFUHWHVHWRINQRZQKDUPRQLFIXQFWLRQV
5
( )
( )
( )
( )
u
w
c
ξ
ξ ξ
ξ
ª º« »
= « »« »¬ ¼
=  
=  = 
  =
 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
[ ] ( )
 VLQ FRV VLQ FRV
   VLQ FRV VLQ FRV
 VLQ FRV VLQ FRV
  
u u u
w w w
c c c
T
n u w c
n n
n n
n n
n n n n
π ξ π ξ π ξ π ξ
ξ π ξ π ξ π ξ π ξ
π ξ π ξ π ξ π ξ
δ δ
ª º
= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅« »¬ ¼
ª º
= ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅ ⋅« »¬ ¼
= ⋅ ª ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ º¬ ¼
= = × + + +
=
=
=
į
!
!
!
!
 
7KHHTXDWLRQVRIPRWLRQFDQEHREWDLQHGE\DSSO\LQJWKHV\VWHPWRWDOSRWHQWLDOHQHUJ\
ȆVWDWLRQDULW\FRQGLWLRQ7KHFRQWULEXWLRQRI WKHZRUNU RIWKHLQWHUQDOHODVWRK\VWHUHWLF
DFWLRQVWin RI WKH LQHUWLDO DFWLRQVWex RI WKH H[WHUQDO IRUFHV DQGǻȆvis , ǻȆel RI WKH
GLVWULEXWHGYLVFRXVDQGWKHHODVWLFFRQVWUDLQWVLVWDNHQLQWRDFFRXQW
( ) PLQ  in ex el visU W W ∂ΠΠ = + + + ΔΠ→ = ΔΠ = ΔΠ + ΔΠ∂9 9  
7KHUHVXOWLQJHTXDWLRQRIPRWLRQLV
( )⋅ + ⋅ + + ⋅ =0 į & į . ǻ. į )   
ZKHUH0&.ǻ. DUH FRPSOH[ V\PPHWULFPDWULFHV'HWDLOHG FDOFXODWLRQV IRU WKH
HTXDWLRQV RI0&.ǻ. FDQ EH IRXQG LQ WKH DXWKRU¶V SUHYLRXV ZRUN >@ 8VLQJ WKHVH
PDWULFHV WKH IUHTXHQF\ UHVSRQVH IXQFWLRQ FRF LV FDOFXODWHG E\ DVVXPLQJ DV LQSXW D
XQLWDU\ OXPSHGKDUPRQLFH[FLWDWLRQDW IUHTXHQF\Ȧ DSSOLHGDWx=LÂȟf  DQGDVRXWSXW WKH
WUDQVYHUVHGLVSODFHPHQWDWx=LÂȟw
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ZKHUH + FDQ EH H[SUHVVHG LQ FORVHG IRUP E\ PHDQV RI PRGDO GHFRPSRVLWLRQ7KH
QRUPDOL]HGGDPSLQJHVWLPDWRUzLVHPSOR\HGWRHVWLPDWHWKHGDPSLQJEHKDYLRXURIDPRGHO
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( ) ( )( )( ) [ ]
,P  
    
 
w f
w f
w f
FRF j
z j z z
FRF j
ξ ξ ωξ ξ ω ξ ξ ω= ∈ℜ ∈  
6
7DEOH 0RGHOEHDPGDWD
/D\HUGDWD
 1RIOD\HUV hN>PP@ EN>*3D@ GN>3D@ ȡNNJP
/  ^` ^` ^` ^`
/  ^`
^
`
^
`
^
`
/ 
^

`
^

`
^

`
^

`
,QWHUIDFHSDUDPHWHUV &RQVWUDLQWSDUDPHWHUV
si >1P@ ĳi>1P@ k[ k\ c[ c\ c[ c\
/ 1RLQWHUIDFHGLVVLSDWLRQ >1P@ >1āVP@
/ ^` ^`
///      
/ ^`
^
`
7DEOH1DWXUDOIUHTXHQFLHVDQGGDPSLQJUDWLRV
0RGHO
%HDP f1 >+]@ ȗ1 >@ f2 >+]@ ȗ2 >@ f3 >+]@ ȗ3 >@
/      
/      
/      
 02'(/$33/,&$7,21(;$03/(6
7KUHHGLIIHUHQWPRGHO EHDP VROXWLRQV / / / ZLWK   DQG  OD\HUV UHVSHFWLYHO\
DUH SUHVHQWHG DV DSSOLFDWLRQ H[DPSOHVRI WKHSURSRVHGPRGHO)RU DOO WKH WKUHH H[DPSOHV
SUHVHQWHG WKH EHDP OHQJWK LV /  P DQG WKH EHDP ZLGWK E  P 'LVWULEXWHG
YLVFRHODVWLF FODPSHGIUHH ERXQGDU\ FRQGLWLRQV DSSOLHG DW  ξ≤ ≤  ZLWK YLVFRHODWLF
SDUDPHWHUV    x y x yk k c c DUHDVVXPHG,WLVDOVRDVVXPHGWKDWWKHZKROHEHDPLVFRXSOHGWR
JURXQG E\ GLVWULEXWHG YLVFRXV DFWLRQV SDUDPHWHUV  x yc c    ξ≤ ≤  WR VLPXODWH WKH
DHURG\QDPLF GUDJ 'DWD IRU WKH WKUHH PRGHO EHDP DSSOLFDWLRQ H[DPSOHV DUH UHSRUWHG LQ
7DE&RPSDULVRQ RI WKH UHDO DQG WKH LPDJLQDU\ SDUW RI WKH LQHUWDQFH
( )  w fIn FRF jω ξ ξ ω= − ⋅ DQG RI WKH GDPSLQJ HVWLPDWRU z YDOXHV IRU WKH UHSRUWHG
H[DPSOHV DUH VKRZQ LQ)LJV6\VWHPQDWXUDO IUHTXHQFLHV DQGGDPSLQJ UDWLRV 7DE
FDQEHDOVRXVHGWRFRPSDUHWKHGDPSLQJHIIHFWLYHQHVVRIWKHPRGHOOHGVROXWLRQHVWLPDWHG
E\ PHDQV RI WKH 6'2) VLQJOH GHJUHH RI IUHHGRP FLUFOH ILW PHWKRG %\ FRPSDULQJ WKH
UHVXOWVVKRZQ LQ)LJVDQG LQ7DE LWFDQEHIRXQG WKDWE\ LQFUHDVLQJ WKHQXPEHURI
FRDWLQJOD\HUVWKHHIIHFWLYHQHVVRIWKLVWHFKQRORJ\LVLQFUHDVHGDVZHOO
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)LJXUH/HVWLPDWHGLQHUWDQFH,QDQGz
 (;3(5,0(17$/5(68/76
,Q WKLV VHFWLRQ GLIIHUHQW FRDWLQJ PDWHULDOV DUH WDNHQ LQWR DFFRXQW LH YDULRXV
F\DQRDFU\ODWH RUJDQLF SRO\PHU DQG ELFRPSRQHQW RUJDQLF SRO\PHU HSR[\ SXWW\ EDVHG
VROXWLRQV7KHYDULRXVVSHFLPHQVLQWKHIRUPRIDVOHQGHUEHDPUHFWDQJXODUFURVVXQLIRUP
VHFWLRQ ZLWK FRDWLQJV DSSOLHG RQ WKH RSSRVLWH IDFHV RI WKH EHDP DUH WHVWHG LQ IOH[XUDO
YLEUDWLRQ LQ D FODPSHGVOLGLQJ ERXQGDU\ FRQGLWLRQ H[SHULPHQWDO VHWXS LVRWKHUPDO
FRQGLWLRQV &  PD[LPXP LPSRVHG IOH[XUDO VWUDLQ E\ PHDQV RI D '\QDPLF
0HFKDQLFDO $QDO\]HU DSSDUDWXV ([SHULPHQWDO UHVXOWV DUH FRPSDUHG E\ PHDQV RI WKH
QRUPDOL]HGGDPSLQJHVWLPDWRUzFDOFXODWHGE\PHDQVRIWKHH[SHULPHQWDOO\HYDOXDWHG)5)
( ) ( ) ( )FRF j w j F jω ω ω=  
7UDQVYHUVHGLVSODFHPHQW w DQGDSSOLHGIRUFH FDUHPHDVXUHGDWWKHVOLGLQJEHDPHQG
LQ WKH >@ +] IUHTXHQF\ UDQJH )RU DOO RI WKH FRDWHG EHDPV WKH VXEVWUDWH LV DQ
XQLIRUP EHDP EHDP $ PDWHULDO $O DOOR\ OHQJWK Â P WKLFNQHVV
 PP VHFWLRQ DUHD Â P GHQVLW\  NJP 7KH GLIIHUHQW
FRDWLQJFRPSRVLWLRQDQGWKLFNQHVVYDOXHVDUHUHSRUWHGLQ7DE,Q%,EHDPVWKHFRDWLQJ
PDWHULDOLVDJHQHUDOSXUSRVHF\DQRDFU\ODWHSRO\PHU/R[HDOKLJKYLVFRVLW\JHOIURP
/R[HDO6UO ,Q&*EHDPVPHWDODQGFHUDPLFSRZGHUVDUHPL[HGZLWK WKHF\DQRDFU\ODWH
SRO\PHULQGLIIHUHQWYROXPHIUDFWLRQUDWLRVWKHDYHUDJHSRZGHUJUDLQVL]HLVaȝPIRU)H
DQG FHUDPLF SRZGHUV DQG aȝP IRU WKH JUDQLWH SRZGHU ,Q EHDPV+ , WKH FRDWLQJ LV
PDGH RI DOWHUQDWH ODPLQDWHG $O WKLFNQHVV Â P DQG F\DQRDFU\ODWH OD\HUV
WKLFNQHVVÂP7KHFRDWLQJVROXWLRQVRIWKH/2EHDPVDUHREWDLQHGIURPGLIIHUHQW
ELFRPSRQHQWHSR[\VROXWLRQ0LOOLSXWIRU/1EHDPDQG/R[HDO(SRVWLNIRU02EHDPV
 YROXPH IUDFWLRQPL[ RI WKH WZR HSR[\ FRPSRQHQWV )H SRZGHU LV DGGHG LQ WKH12
VROXWLRQV
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7DEOH&RDWLQJVROXWLRQV
%HDP /D\HUQXPEHUV &RDWLQJFRPSRVLWLRQ
&RDWLQJ
WKLFNQHVVP
$  8QFRDWHG$OEHDP
%HDP
WKLFNQHVV
Â
%  &\DQRDFU\ODWH Â
&  &\DQRDFU\ODWH)HSRZGHUPL[ Â
'  &\DQRDFU\ODWH)HSRZGHUPL[ Â
(  &\DQRDFU\ODWH&HUDPLFSRZGHUPL[ Â
)  &\DQRDFU\ODWH&HUDPLFSRZGHUPL[ Â
*  &\DQRDFU\ODWH*UDQLWHSRZGHUPL[ Â
+  $OWHUQDWHGODPLQDWH$ODQG&\DQRDFU\ODWHOD\HUV Â

,  $OWHUQDWHGODPLQDWH$ODQG&\DQRDFU\ODWHOD\HUV Â

/  %LFRPSRQHQWHSR[\SXWW\0LOOLSXW Â
0  %LFRPSRQHQWHSR[\SXWW\/R[HDO(SRVWLN Â
1  %LFRPSRQHQWHSR[\SXWW\0LOOLSXW)HSRZGHUPL[ Â

2  %LFRPSRQHQWHSR[\SXWW\/R[HDO(SRVWLN)HSRZGHUPL[ Â

%RWK WKH F\DQRDFU\ODWHSRZGHU PL[ FRDWLQJV UHODWHG WR & '( ) * VROXWLRQV DQG WKH
HSR[\SRZGHUPL[FRDWLQJVUHODWHGWR/0VROXWLRQVDUHLQYHVWLJDWHGLQRUGHUWRLPSURYH
WKHGDPSLQJFDSDELOLWLHV+,VROXWLRQVDUHWHVWHGLQRUGHUWRHYDOXDWHWKHFRQVWUDLQHGOD\HU
GDPSLQJ HIIHFW >@ )URP )LJV  LW FDQ EH REVHUYHG WKDW WKH F\DQRDFU\ODWH FRDWLQJ
VLJQLILFDQWO\ LPSURYHV WKHGDPSLQJ FDSDELOLWLHV RI WKHEHDP VSHFLPHQ DW ORZ IUHTXHQFLHV
>·@+]DQGWKDWRQO\OLPLWHGFKDQJHVLQWKHGDPSLQJEHKDYLRXUDUHREWDLQHGE\DGGLQJ
)HDQGFHUDPLFSRZGHUVZLWKUHVSHFWWR%FDVHH[FHSWIRU'DQG*LQWKHKLJKIUHTXHQF\
UDQJH>·@+])LJVKRZVWKDWWKH$OF\DQRDFU\ODWHPXOWLOD\HUFRDWLQJLQWHUIDFHLV
DVVRFLDWHG WR D ] LQFUHDVHZLWK UHVSHFW WR WKH XQFRDWHG VROXWLRQ $ DQG WKDW VXFK HIIHFW
VWURQJO\GHSHQGVRQWKHQXPEHURIFRDWLQJOD\HUVDGRSWHG7KH]LQFUHDVHLVREVHUYHGRYHU
DOORI WKH IUHTXHQF\UDQJH>·@+]5HVXOWVIURPHSR[\EDVHGFRDWLQJVDUHUHSRUWHGLQ
)LJDQGLWFDQEHREVHUYHGWKDW/10LOOLSXWFRDWLQJDUFKLWHFWXUHVZLWKDQGZLWKRXW
WKHDGGLWLRQRIPHWDOOLFSRZGHUVVKRZKLJKHUzYDOXHVDWDOORI WKHPHDVXUHGIUHTXHQFLHV
>·@+]ZLWKUHVSHFWWRWKHRWKHUHSR[\EDVHGFRDWLQJVROXWLRQV02
 ,1'8675,$/$33/,&$7,216
7KHSURSRVHG/FRDWLQJVROXWLRQLVDOVRWHVWHGLQDUHDOLQGXVWULDODSSOLFDWLRQLHWKHFDVLQJ
RIDPHFKDQLFDOJHDUSXPS)LJ6LQFHWKHYLEUDWLRQVRIWKHSXPSFDVLQJIRUFHGE\WKH
LQWHUQDO RLO SUHVVXUH RVFLOODWLRQV DUH H[SHFWHG WR FRQWULEXWH WR WKH SXPS DFRXVWLF QRLVH
HPLVVLRQLQZRUNLQJFRQGLWLRQVWKHHIIHFWRIWKHDSSOLFDWLRQRIWKHFRDWLQJOD\HUWHFKQRORJ\
FDQEHUHOHYDQW6RXQGSUHVVXUHPHDVXUHPHQWVPDGHLQDVHPLDQHFKRLFFKDPEHU)LJE
DUHXVHGWRFRPSDUHWKHDFRXVWLFHPLVVLRQVRIWKHXQFRDWHGDQGFRDWHGSXPSLQRSHUDWLQJ
FRQGLWLRQVDWGLIIHUHQWUHYROXWLRQVSHHGnDQGRXWSXWRLOSUHVVXUHp YDOXHV
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 D E
)LJXUHzHVWLPDWHGYDOXHVD$EODFN%EOXH&JUHHQ'UHG
E$EODFN%EOXH(JUHHQ)UHG
 D E
)LJXUH zHVWLPDWHGYDOXHVD$EODFN%EOXH*JUHHQ
E$EODFN%EOXH+JUHHQ,UHG

 D E
)LJXUH zHVWLPDWHGYDOXHVD$EODFN/EOXH0JUHHQ
E$EODFN1EOXH2JUHHQ
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Abstract. Not only the well known and spread horizontal axis machines are present in
the wind turbine scenario, but other architectures have found their niche. Among them, the
Darrieus solution is known for its relatively compact design and small size, but, even more,
for its vertical axis, as well as for the vertical blades distributed on the side of a rotating
cylinder, even when twisted with special 3D helical shapes. Contrary to the horizontal axis
solution mostly as 3-bladed version, the Darrieus design can not take advantage of the axis
orientation control of the blade plane, because it accepts wind from any direction. But in
order to maximise the efﬁciency in harvesting energy from the wind, the Darrieus turbine
searches for the best attack angle between each blade and the wind ﬂow at a speciﬁc speed,
optimised along the complete rotation of the blade around the central axis. Together with a
simple self-control towards the wind ﬂow direction, a solution to improve the energy conver-
sion into torque comes from the design of a controlled guidance of the attack angle of the
vertical blades towards the ﬂow.
In this work the common use of an old mechanism, the four-bar linkage, is analysed to
generate the passive control of each of the 3 blades in a simple Darrieus turbine design
to improve the efﬁciency. This activity was made to understand, with relatively simple
models, the advantages and drawbacks of such mechanism architecture for the optimal
guidance of each blade, as a preliminary and feasibility methodological study for a potential
research path in wind energy harvesting alternative solutions. The work therefore deals
with the selection of a common wing proﬁle and a 3-bladed machine scheme, together with
the adoption of four-bar linkage for each passively controlled blade. The aerodynamic
force distribution and torque simulation follow, as functions of the angular position, at two
different wind speeds in a complete turbine rotation. The assumptions, the formulation
and results for the simple Darrieus machine with an attack angle guidance mechanism are
discussed in detail.
Keywords: Wind turbines, Darrieus turbine, vertical axis wind turbine, VAWT, wind
energy harvesting, four-bar linkage, mechanisms in wind energy, attack angle control.
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Figure 1. Wind forces on the blade.
The correct angle of attack and blade shape are the key-points in harvesting the maximal
energy from the wind ﬂow. Furthermore, the output torque and power generation can be
unsteady quantities also in a single revolution of the turbine. This works addresses the reg-
ulation of the attack angle in Vertical Axis Wind Turbines (VAWTs) by means of a four-bar
linkage, which drives the position of each blade towards the ﬂow direction.
The basic concepts about the aerodynamic forces at the ground of wind energy harvesting
are introduced in section 2.. After brieﬂy presenting in section 3. the main architectures of
the VAWTs against the Horizontal Axis Wind Turbines (HAWTs), in section 4. the passive
control solution to guide the attack angle in VAWTs is explained. In section 5. the inertial
contributions are taken into account to write the motion equations of the whole machine.
The latter are used to simulate the forces and torques available at speciﬁc wind speeds with
the aim of being able to simulate the energy harvesting of the passively controlled HAWT.
Conclusions are drawn in section 6..
In this preliminary study it is important to track the generation of distributed forces on the
machine, as the real engine of the wind energy harvester of any architecture.
Origin of aerodynamic pressure on a wing proﬁle
As can be depicted in Figure 1, the wind on a wing generates forces depending on the actual
position of the wing towards the ﬂow direction, which is considered as uniformly distributed
 ,1752'8&7,21
620($(52'<1$0,&%$6,&&21&(376
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Figure 2. Wind forces on the blade. Angles and vectors of relevance.
on a plane orthogonal to the wind direction. The blade itself is moving on a travel direction
orthogonal to the absolute wind surface with a certain speed, therefore the wind impacts the
blade with a relative velocity direction, as vectorial sum of the wind speed and of the blade
speed. The blade faces the relative wind direction with an attack angle from the chord line.
The latter has a pitch angle regarding the blade direction of travel. The pitch angle will be
addressed as the controlled angle to optimise the attack angle for a speciﬁc wind relative
speed.
The wind ﬂows around the blade with different speeds depending on the shape and on
the attack angle: the Bernoulli principle tells us that where the ﬂow is faster the pressure
is lower, whereas on the side of slower ﬂow there is an increase of the pressure ﬁeld. The
pressure difference is the origin of the forces on the blade, which push the blade toward the
lower pressure zone. The aerodynamic force can be seen as the vectorial sum of a lift and
drag components, where lift force is orthogonal to the relative wind direction, whereas drag
force has the same direction of the apparent wind. In Figure 1 also another decomposition is
shown, calling torque or tangent component that on the blade travel direction and thrust or
normal the one orthogonal to it, thus along the absolute wind speed. It is actually the tangent
component that can harvest energy from the wind to a power generator for a guided blade in
a wind turbine.
As an example more focused on the VAWTs [1], in Figure 2 a turbine blade is rotating at
rotational speed ω on a circular trajectory of ray r, therefore with a tangential speed ωr. The
wind absolute velocity is directed as Vi, thus the wind relative velocity becomes the vector
W. From the latter the attack angle α(λ) can be measured, where λ is the tip speed ratio
deﬁned as λ = ωrVi . In this conﬁguration, the forces are clearly depicted as drag force D, lift
force L, normal force FN, tangential force FT and resultant force FR.
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Figure 3. Efﬁciency as function of wind speed.
Dependence of forces on wing angles
Among the many references available in literature, [2] might be useful to deeply understand
the behaviour of the air around a wing blade. In brief, the shape of the section, together with
the tip speed ratio and the attack angle, have a strong inﬂuence on the evaluation of the forces
that can be extracted from the wind ﬂow. By deﬁning the drag coefﬁcient Cd and the lift
coefﬁcientCl, a tangential force coefﬁcientCt can be formulated as Ct = Clsinα−Cdcosα.
Given the blade height s and air density ρ, the instant tangential force FT = 12CtρsV
2
i on
a single blade can be evaluated at a speciﬁc conﬁguration. But, as in the case of Figure 2,
the blade is tracing a circular trajectory, therefore continuously changing the relative angles
and parameters. Thus an average tangential force FTmean needs to be estimated: FTmean =
1
2π
∫ 2π
0
FT (θ)dθ. When thinking to a VAWT composed of N blades, each with chord length
c, the solidity σ = Nc2πr can deﬁne the fraction of the perimeter, which is occupied by the
blades; from such a machine with N blades, an average torque τ can be calculated: τ =
FTaverageNr; this leads to an average extracted power Pturbine = τω.
Efﬁciency considerations
Independently from the architecture, the harvesting has to understand its limits of efﬁciency.
Being the wind power Pwind = 1/2ρdsV 3i , according to Betz the extractable wind power
PBetz = 1/2ρdsV
3
i 4β(1 − β)2, with interference factor β = Vi−VoutVi , is only a fraction
of the wind power Pwind; therefore a theoretical efﬁciency η = PBetzPwind can be deﬁned and
evaluated as 0.59.
In reality each turbine can not reach the theoretical efﬁciency, which works as the upper
bound, but it is constrained by the losses to a lower performance, which can be evaluated by
the Coefﬁcient of Performance CP as CP = PturbinePwind =
τω
1/2ρdsV 3i
. It is interesting to note
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Figure 4. Coefﬁcient of performance as function of wind speed in a Darrieus VAWT.
that for the HAWTs the CPmax is in the range [0.4,0.5], whereas for the VAWTs is around
0.4, therefore lower than in HAWTs, far from the theoretical efﬁciency η, but that there is
a strong relationship with the wind speed. In [3, 4] it was suggested to use the exergy as a
measure of turbine performance, as in Figure 3, because of the more parameters involved in
wind harvesting, such as air pressure and temperature: again the dependence on the wind
speed is relevant, as conﬁrmed in Figure 4.
Self-starting in Darrieus turbines
As noted in [5], the starting of VAWTs can be problematic (and costly to be solved), as in
Darrieus wind turbine the efﬁciency is very low for low tip speed ratios λ, due to the cyclic
dependence of the attack angle α on the azimuthal angle θ, as can be seen in Figure 5, where
for low tip speed ratio λ the variation in the attack angle is relevant. The Darrieus VAWT has
a so-called ”dead zone” where it needs external aid to start rotating: as can be seen in Figure
6, when λ ∈ [0.75, 2.70] the produced torque is negative, meaning that the turbine can not
start autonomously and can not reach any higher speed. A solution to the self-starting issue
in network-isolated systems can be the change in the machine geometry, by means of convex
blades, ﬂexible blades, or variable pitch, as later discussed in section 4..
Most of the wind energy harvesting, in terms of power production, is covered by the HAWTs,
mainly as 3-bladed turbines. But the HAWTs are not the best solution for all the issues, as
the following comparison highlights from [6,7]:
• tower oscillations: HAWTs have stronger deﬂections than VAWTs.
• rotor direction control: HAWTs are strongly dependant on following the wind direc-
tion, which must be orthogonal to the blades’ plane; for VAWTs it might only be a
matter of optimising the harvesting.
:,1'785%,1($5&+,7(&785(6:,7+9(57,&$/$;,6
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Figure 5. Variations in a Darrieus turbine of the attack angle α on the azimuthal angle θ as
function of the tip speed ratios λ.
Figure 6. Torque in a Darrieus turbine versus the tip speed ratio.
• self-starting: only HAWTs start autonomously, while VAWTs need a motor or other
solutions.
• generator location: in HAWTs the generator is located at the top of the tower, with
great costs in mounting and in maintenance; for VAWTs the generator can lay on the
lowest position, with relevant savings.
• blade area: VAWTs generally have blade with larger areas to increase the energy har-
vesting, though with cost increases than in HAWTs.
• noise emission: VAWTs generally have a lower blade speed and less ﬂow, with less
noise than HAWTs, also for the more compact architecture.
• efﬁciency: for HAWTs the efﬁciency is about 40-50%, while for VAWTs is only around
40%.
• blades: the shape and dimension of the blades can increase signiﬁcantly the costs re-
lated to the speciﬁc architecture; for HAWTs the blades are connected to the central
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Table 1. Summary of the Darrieus-type solutions for VAWTs
Type / Characteristics Type / Characteristics Type / Characteristics Type / Characteristics Type / Characteristics
Darrieus Egg-beater Darrieus Giromill Darrieus Masgrowe [8] Darrieus Crossﬂex [9] Darrieus Twisted Blades
Low starting torque Rectilinear blades Dual-level blades 90◦ phased Many Egg-beater turbines Smooth detachment of air ﬂow
High efﬁciency 2-5 simpler blades Easier starting Reduced inertia Positive lift for easier start
High costs of wings Fix or variable pitch Efﬁciency Flexible wings High blade costs
for an easier start Efﬁcient for high wind speeds Lower efﬁciency
Table 2. Summary of other architecture solutions for VAWTs
Type / Characteristics Type / Characteristics Type / Characteristics
Savonious Turbine [10] Sistan Turbine [11] Zephir Turbine
Only drag forces Only drag forces Stator vanes for lower turbulence
Lower efﬁciency Buildings integration Low efﬁciency
Low use Higher drag with end disks Low diffusion
axis on the top of the tower, while for VAWTs linkages build the structure around the
vertical axis.
• blade ﬂexibility: typical problem of the HAWTs due to the bending of the blades that
can cause interference with the tower, especially in upwind conditions, when the rotor
is positioned before the tower in the direction of the ﬂow; in downwind conditions the
deﬂection can alter the relative wind velocities and cause noise or efﬁciency losses.
• height: HAWTs are less inﬂuenced by the ground proﬁle, reaching relevant altitude
above the base; to be in the same conditions the VAWTs should be also positioned on
a tower.
This paper aims at inquiring the feasibility of VAWT architecture in wind energy har-
vesting, thanks to its lower costs and usability in complementary situations to those where
the HAWTs are dominant.
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Figure 7. Example of blade skeleton.
Figure 8. NACA 0012 parametric proﬁle.
Darrieus-type solutions
Some of the Darrieus-type architectures are summarised in Table 1, together with the main
characteristics and speciﬁc references.
Other solutions
In Table 2 different solutions of VAWTs rather than the Darrieus-type ones are sketched, also
with their main characteristics and speciﬁc references.
As already hinted in section 2., the variability of the attack angle is a source of lower perfor-
mances and of the potential ”dead-zone” issue in VAWTs. It follows that there is the need to
control the incidence of each blade towards the wind speed. Among the many possible ac-
tuating solutions that can be found in literature, the adoption of a passive four-bar linkage is
analysed in the present contribution, which aims at assessing the feasibility of this old mech-
anism as passive controller. For this purpose, the aerodynamic forces will be evaluated as
function of the wind speed and azimuthal angle θ for each blade and for the whole machine,
by means of equilibrium conditions on a constrained mechanism.
3$66,9(*8,'$1&(%<0($162)$)285%$5/,1.$*(
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Figure 9. Lift coefﬁcient as function of the attack angle (left) and drag coefﬁcient as function
of lift coefﬁcient (right), with polynomial approximation.
Figure 10. Four-bar linkage scheme for the passive control of the blade b.
Blade selection
Starting from the basic Giromill solution of Table 1, the skeleton of each strait blade can be
exempliﬁed as in Figure 7. The shape can have multiple proﬁles with their speciﬁc aerody-
namic properties (see section 2.), therefore one NACA 0012 shape in Figure 8 was selected
to have the lift and drag variability of Figure 9 from Reference [2].
Single blade conﬁguration
Considering the control of a single blade, the four-bar linkage of Figure 10 presents the blade
as member b, whereas two linkages a and c are connected to b and to the central shaft at
eccentricity d, being the shaft the local reference for the one degree of freedom system.
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Figure 11. Aerodynamic forces, reactions and torque on the guided blade.
Figure 12. Example of the calculated aerodynamic force on a single blade (red=aerodynamic
force [mainly lift, with minimal drag], blue=wind relative direction).
The length of each member of the mechanism describes the passive driving function of
the blade, which might be optimised for speciﬁc wind speeds and blade shapes. For the
presented case study, the following data were taken into account:
• a=0.373 m; b=0.085 m; c=0.380 m; d=0.026 m
• Vi=2 m/s on the x direction; ω1= 2 rad/s
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Figure 13. Force on a single blade as function of the attack angle (blue=aerodynamic;
red=reaction from c; black=reaction from a).
Figure 14. Possible planar scheme from [13].
As can be followed on Figure 11, at each θ1 position follows a force pattern located on
the pressure centre of the blade, therefore a torque deployment can be evaluated by means
of the mechanism equilibrium [12]. Taking into account the above data of wind speed and
mechanism rotational speed ω1, the aerodynamic forces can be evaluated as in Figure 12 at
position θ1 = 0. The same aerodynamic force, together with the reactions on link a and c,
can be analysed as function of the variable attack angle as in Figure 13, where, though, sign
discrepancies are present in this prototype study.
25
Figure 15. Scheme of the machine on the left, custom software representation on the right.
Figure 16. Simpliﬁed blade for inertia calculation.
3-bladed turbine
When working on a whole turbine each vectorial contribution of the blades must be taken into
account. As in most of the architectures in Table 1, a 3-bladed VAWT with passive four-bar
control mechanism was here modelled. The main link system of Figure 14 is composed of
each a link in the single blade mechanism, ﬁxed together on an eccentric shaft, whereas the
secondary link system is the fusion of each c link. The lever works as optimizer of the turbine
performances and might be self-actuated by a wind ﬂap, maintaining it in the wind direction:
on the left of Figure 15 this degree of freedom is called θP , as pitch-related; on the right side
the whole turbine representation in the graphical environment of the present simulation, with
θP = 0 as mentioned above.
The simulation of the whole machine can be done by considering all the force sources with
their generalised contribution. In this speciﬁc test, however, the inertial generalised forces
mainly resulted of limited impact in comparison with that of the aerodynamic forces.
'<1$0,&62)$3$66,9(0(&+$1,60)253,7&+&21752/
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Figure 17. Inertia force of the whole system: ω1 = 2rad/s ω˙1 = 0rad/s2
Inertia contributions
Before ending with the aerodynamic force simulation of the whole mechanism, the gen-
eralised inertia forces have to be taken into account. Starting from each blade contribu-
tion, together with the related passive driving mechanism dynamics, it is possible to build
the inertia generalised forces acting on the whole machine. To evaluate the mass, cen-
troidal location and inertia moment of a blade, a simpliﬁcation can be made as in Fig-
ure 16 by ﬁnding an equivalence between the original NACA 0012 shape and a sum of 7
rectangular contribution, instead of evaluating the integrals, for sake of simplicity in the
calculations. The following data were used in the inertia simulations: ma = 0.44[kg],
mblade = 0.10[kg],mc = 0.45[kg], Ja = 4/3maa2[kgm2], Jc = 4/3mcc2[kgm2], Jblade =∑
i ρ/12(hib
3
i+bih
3
i )+mi(xi−xG)2[kgm2]. The inertia force of the whole system was sim-
ulated in a complete revolution of the passively guided VAWT, with the different conditions
on the main link in terms of constant angular velocities and accelerations, as reported in the
captions of Figures 17-22. Only in the latter conditions the inertia contributions appeared as
relevant in comparison to the aerodynamic forces, with potential issues when counter-acting
the wind energy harvesting. From what simulated, it appears that the inertia force are more
sensible to angular velocity changes, rather than angular accelerations.
Aerodynamic force simulations
The aerodynamic forces can now be simulated with different conditions on the constant angu-
lar speed of the main link. The ﬁrst case assumes the angular velocity of 2rad/s, the second
sees an increment to 5rad/s, while the third test is again with angular speed of 2rad/s,
but with the optimiser lever raised of 60◦. Figures 23, 25 amd 27 present the aerodynamic
resultant as mapped in its horizontal and vertical components during a whole turbine revolu-
tion. Figures 24, 26, 28 instead show the aerodynamic resultant force modulus as function
of the angular position of the reference principal link. The angular speed affects the aero-
dynamic forces with lower magnitude than for the inertial ones, though the distribution in
a revolution is changing signiﬁcantly, raising some concerns about counter acting contribu-
tions. Especially at higher speeds (ω = 5rad/s), the magnitude of the aerodynamic forces is
comparable to that of the inertia ones, while the distribution is less regular. The actuation of
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Figure 18. Inertia force of the whole system: ω1 = 2rad/s ω˙1 = 1rad/s2
Figure 19. Inertia force of the whole system: ω1 = 2rad/s ω˙1 = 3rad/s2
Figure 20. Inertia force of the whole system: ω1 = 2rad/s ω˙1 = 4rad/s2
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Figure 21. Inertia force of the whole system: ω1 = 2rad/s ω˙1 = 5rad/s2
Figure 22. Inertia force of the whole system: ω1 = 5rad/s ω˙1 = 5rad/s2
the optimiser lever indeed plays a negative effect on the aerodynamic forces, again showing
that the best pitch angle compromise is obtained with the lever in the same direction of the
main ﬂow of the undisturbed wind. Figures 27 and 28 show substantial changes in shape and
amplitude.
Aerodynamic torque simulations
With the same test cases above, the aerodynamic torques are elaborated along a whole revo-
lution of the turbine. Figures 29, 30 and 31 show the aerodynamic torque contributions and
their resultant. While in Figure 29 the contributions of each blade seem to be regularly out-
phased, and none is counter-acting as negative, in Figure 30, with higher constant angular
speed ω1, the aerodynamic contributions seem more irregular and, more relevant, have par-
tial counter-acting effect in the negative zones. The resultant of Figure 30 has therefore many
positions with negative value, acting therefore has a brake on the revolution of the system; in
such situations the inertia torque should also be taken into consideration, clearly highlighting
the impossibility for the VAWT to reach higher speeds. In Figure 31, the actuation of the
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Figure 23. Resultant of the 3 aerodynamic forces in a whole revolution (horiz. vs vert.)
Vi=2 m/s; ω= 2 rad/s.
Figure 24. Resultant of the 3 aerodynamic forces in a whole revolution (modulus vs θ1)
Vi=2 m/s; ω= 2 rad/s.
pitch-optimizer lever brings the three aerodynamic torque contributions partly, but regularly,
in the negative range, with a resultant that is lowered, sometime to close-to-null values, much
lower than the inertial contributions seen above.
Recall to system equations
In this simpliﬁed modelling, the whole system dynamics is governed by the aerodynamic and
inertia forces. To be able to describe it, a Lagrangian approach can be followed by means of
the kinetic energy and external force work. For each blade, knowing the inertia moments of
the blade and the driving linkages, the kinetic energy can be expressed as:
Ti =
1
2
[
Jai θ˙
2
1i + Jci θ˙
2
3i + Jbladei θ˙
2
2i
]
=
1
2
[
Jai + Jciτ
2
31i + Jbladeiτ
2
21i
]
θ˙21i =
=
1
2
[
JRi
(
θ1i , θ˙1i
)]
θ˙21i ,
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Figure 25. Resultant of the 3 aerodynamic forces in a whole revolution (horiz. vs vert.)
Vi=2 m/s; ω= 5 rad/s.
Figure 26. Resultant of the 3 aerodynamic forces in a whole revolution (modulus vs θ1)
Vi=2 m/s; ω= 5 rad/s.
keeping in mind that the blades are phased by 120◦, therefore the main link of reference
is angled of θ11, the one of the second blade of θ12 = θ11 + 2π/3, the one of the third
of θ13 = θ11 + 4π/3. It can be clearly seen, also in the above formulation that reduces
the multibody inertia contributions to a one degree of freedom system, how the turbine has
a variable reduced inertia, therefore showing different dynamic properties along the whole
revolution. The problem might also be approached by multibody modelling as done by the
author in other studies [14–18].
From the expression of the aerodynamic torque contributions, the total work of the aero-
dynamic forces follows as:
W = Maero1θ11 +Maero2θ12 +Maero3θ13.
Finally, the motion equations can be obtained in the Lagrange formulation by proper
derivation of the Lagrangian function L = T1 + T2 + T3, made of the kinetic energies of the
3 blades:
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Figure 27. Resultant of the 3 aerodynamic forces in a whole revolution (horiz. vs vert.)
Vi=2 m/s; ω= 2 rad/s; lever at 60◦.
Figure 28. Resultant of the 3 aerodynamic forces in a whole revolution (modulus vs θ1)
Vi=2 m/s; ω= 2 rad/s; lever at 60◦.
d
dt
∂L
∂θ˙11
)
− ∂L
∂θ11
=
∂W
∂θ11
.
The motion equation are valuable for simulating the transients of the turbine, when both
aerodynamic and inertia forces can affect the stability of the rotational speed, not inquired
in this early work. It must be recalled how this approach does not take into account any
damping effect of the wind on the turbine structure. Though, the nervous nature of the forces
seen above opens questions about evolving the modelling towards the introduction of ﬂexible
degrees of freedom, as done in [19–21], to forecast with better insight dangerous instabilities,
durability issues due to ﬂexural or torsional vibrations, and forbidden speeds for the system.
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Figure 29. Resultant (blue) and single contributions (red, green, black) of the aerodynamic
torques in a whole revolution (modulus vs θ1) Vi=2 m/s; ω= 2 rad/s.
Figure 30. Resultant (blue) and single contributions (red, green, black) of the aerodynamic
torques in a whole revolution (modulus vs θ1) Vi=2 m/s; ω= 5 rad/s.
The present contribution has brieﬂy outlined how the modelling of aerodynamic forces can be
joined with mechanical system dynamics in the application of a four-bar linkage as passive
regulator of the attack angle in VAWTs. In particular, detailed kinematics & aerodynamic
model based quantities were achieved with simple assumptions, with a better understanding
of basic phenomena, in agreement with literature evidences, than an average energy based
assumptions. Section 5. has strongly highlighted how the harvested torque, and therefore also
the output power, is other than constant at each revolution, surely posing issues in network
frequency. Furthermore, there is a relevant limitation in the speed range achievable due to the
counter-acting force from aerodynamic and inertia sources.
These methodological results are transferable to other investigations: design, selection,
optimisation of different turbines and architectures. Enhancements can be easily foreseen in
the selection of the wing proﬁle, when not a morphing one, in the assessment of the reachable
&21&/86,216
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Figure 31. Resultant (blue) and single contributions (red, green, black) of the aerodynamic
torques in a whole revolution (modulus vs θ1) Vi=2 m/s; ω= 2 rad/s; lever at 60◦.
speed ranges and sustainable transients, o in the optimisation of the architecture for speciﬁc
critical speeds. Furthermore, a marked improvement of the understanding of critical working
conditions was proposed, able to be applied to a wider set of real industrial aero-generators,
thanks to the improvements in the calculation efﬁciency that might be shortly implemented.
Also the modeling of wind turbines can take advantage of the ﬂexible multibody ap-
proach seen in [19–21], as well as in the advanced modelling of the gear stiffness in [22] for
the gearbox, because of the discontinuity of the output torque that, with all its ﬂuctuations,
can easily excite the structural dynamics of the machine, especially with torsional vibrations.
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PRGHOLQJZHUHXVHG$QH[WUXVLRQVSHHGRIPPVZDVVHWLQWKH)(PRGHOZLWKDPP
ORQJELOOHWSUHKHDWHGDW&7KHUDPWKHFRQWDLQHUDQGWKHGLHLQLWLDOWHPSHUDWXUHVZHUH
IL[HGHTXDOWR&&DQG&UHVSHFWLYHO\$VUHVXOWVDSHDNH[WUXVLRQORDGRI
01ZDVREWDLQHGIXOO\LQOLQHZLWKWKHW\SLFDOYDOXHVRIDQH[WUXVLRQSURFHVVZLWKDQ
H[LWSURILOHWHPSHUDWXUHRI&:LWKRXWFRROLQJYDOXHVLQWKHLQVHUWZHUHYHU\FORVHWR
WKRVHUHDFKHGLQWKHDOXPLQLXPSDUW7KHQXPHULFDODQDO\VLVRIWKHFRROHGGLHZDVFDUULHG
RXWZLWKDOLTXLGQLWURJHQIORZUDWHRIOPLQ7KHFRROLQJHIILFLHQF\LQWHUPVRIKHDWUHPRYDO
ZDVLQYHVWLJDWHGE\PRQLWRULQJWKHWHPSHUDWXUHPDSDQGWKHH[WUXVLRQORDGDQGE\FRPSDULQJ
WKHDFKLHYHUHVXOWVZLWKWKHXQFRROHGFRQGLWLRQ7KHSHDNH[LWSURILOHWHPSHUDWXUHGURSSHG
RIDZLWKUHVSHFWWRWKHXQFRROHGFRQGLWLRQWKXVOLPLWLQJWKHULVNRIGHIHFWVFDXVHGE\
H[FHVVLYHSURFHVV WHPSHUDWXUHV LQDGGLWLRQZLWKRXWDVLJQLILFDQW LQFUHDVH LQ WKHH[WUXVLRQ
ORDG 1HDU WKH EHDULQJV JRRG UHVXOWV ZHUH DFKLHYHG ZLWK D  GHFUHDVH RI LQVHUW
WHPSHUDWXUHV
,QFRQFOXVLRQWKHPDQXIDFWXULQJRIDQH[WUXVLRQGLHVE\PHDQVRIDGGLWLYHPDQXIDFWXULQJ
WHFKQRORJLHVKDVEHHQSURYHGWRDOORZWKHLQWHJUDWLRQRIFRQIRUPDOFRROLQJFKDQQHOV7KH
EHQHILWV RI FRROLQJ E\ OLTXLG QLWURJHQ KDYH EHHQ IXUWKHU REVHUYHG ZLWK DQ LQQRYDWLYH
GHYHORSHGQXPHULFDOPRGHOWKXVRIIHULQJDSRZHUIXOWRROWRRSWLPL]HWKHSURFHVVHIILFLHQF\
5()(5(1&(6
>@ +|ONHU5-lJHU$%HQ.KDOLID17HNND\D $(³&RQWUROOLQJKHDWEDODQFHLQKRWDOXPLQXP
H[WUXVLRQE\DGGLWLYHPDQXIDFWXUHGH[WUXVLRQGLHVZLWKFRQIRUPDOFRROLQJFKDQQHOV´,QW-3UHFLV
(QJ0DQXI9RO±SS±
>@ .ORFNH)$UQW].HWDO ³6WDWHRIWKHDUW/DVHU$GGLWLYH0DQXIDFWXULQJIRU+RWZRUN7RRO
6WHHOV´3URFHGLD&,53SS±
>@ 0D]XU0%ULQFDW3/HDU\0%UDQGW0³1XPHULFDODQ GH[SHULPHQWDOHYDOXDWLRQRID
FRQIRUPDOO\FRROHG+VWHHOLQMHFWLRQPRXOGPDQXIDFWXUHGZLWKVHOHFWLYHODVHUPHOWLQJ´6SULQJHU
9HUODJ,QW-$GY0DQXI7HFKQRO9ROSS±
D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
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Figure 1. a-c) SLM Insert: from designs to manufacturing;
d) temperatures in extrusion with nitrogen cooling.
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0ROWH VWUXWWXUH H FRPSRQHQWL  PHFFDQLFL  GXUDQWH OD ORUR YLWD VRQR HVSRVWL D IRUWL
VROOHFLWD]LRQL GLQDPLFKH FKH SRVVRQR SRUWDUH D JXDVWL GRYXWL SULQFLSDOPHQWH D
GDQQHJJLDPHQWRDIDWLFD5LHQWUDQRLQTXHVWDFDWHJRULDDGHVHPSLRLWHODLGHOOHDXWRYHWWXUH
VROOHFLWDWLGDOOHDVSHULWjGHOIRQGRVWUDGDOHHOHVWUXWWXUHRIIshore, soggette all’azione delle 
RQGHRFHDQLFKH
1HOODSUDWLFDLQGXVWULDOHqQHFHVVDULRSUHYHGHUHXQUDJLRQHYROHWLPHWRIDLOXUHJLjGXUDQWH
ODIDVHGLSURJHWWD]LRQHPHGLDQWHJHQHUDOPHQWHFULWHULGLIDWLFDPXOWLDVVLDOHHWHVWDUHSRLVX
SURWRWLSLODUHDOHGXUDWD,WHVWGLQDPLFLHVHJXLWLVRQRVSHVVRWHVWDFFHOHUDWL,QIDWWLSHUUDJLRQL
SUDWLFKHODGXUDWDGHOWHVWGHYHHVVHUHSLEUHYHULVSHWWRDOODYLWDUHDOHGHOFRPSRQHQWHFLz
VLRWWLHQHDPSOLILFDQGRRSSRUWXQDPHQWHOHHFFLWD]LRQLULVSHWWRDTXHOOHPLVXUDWHLQFRQGL]LRQL
GL HVHUFL]LR SHU SURFXUDUH DO FRPSRQHQWH LQ WHVW OR VWHVVR GDQQHJJLDPHQWR FKH VXELUHEEH
durante l’intero ciclo di vita [1].
*OLVWDQGDUGGLWHVWDWWXDOLVRQRFRPXQHPHQWHSHQVDWLSHUHVVHUHDSSOLFDWLDWDYROHYLEUDQWL
PRQRDVVLDOL OD PXOWLDVVLDOLWj GHOOH HFFLWD]LRQL WLSLFDPHQWH VHPSUH SUHVHQWH QHO UHDOH
DPELHQWHRSHUDWLYRYLHQHVLPXODWDULSHWHQGRLOWHVWDFFHOHUDWRLQPRGRVHTXHQ]LDOHSHURJQL
GLUH]LRQH FDUWHVLDQD 6WXGL UHSHULELOL LQ OHWWHUDWXUD >@ KDQQR PHVVR LQ OXFH FRPH TXHVWD
SURFHGXUDQRQVRORVLDGLVSHQGLRVDLQWHUPLQLGLWHPSRLOFRPSRQHQWHGHYHHVVHUHVPRQWDWR
HULPRQWDWRLQXQDRULHQWD]LRQHGLYHUVDDGRJQLWHVWPDSRVVDSRWHQ]LDOPHQWHSRUWDUHDJXDVWL
QRQRVVHUYDELOLQHOODUHDOHYLWDRSHUDWLYD
3DUWHQGRGDTXHVWHFRQVLGHUD]LRQLqVWDWDPHVVDDSXQWRXQDFDPSDJQDVSHULPHQWDOHVX
SURYLQL GL DFFLDLR LQWDJOLDWL XWLOL]]DQGR OR VKDNHU WULDVVLDOH SUHVHQWH QHO ODERUDWRULR GL
Ingegneria dell’Università di Ferrara (Fig.1a). L’utilizzo di provini creati adKRF q XQD
strategia ampiamente utilizzata nell’ambito della ricerca sperimentale, fRQGDPHQWDOH SHU
DYHUH LO FRQWUROOR GHOOR VWDWR WHQVLRQDOH QHO SXQWR SL VROOHFLWDWR UHVSRQVDELOH GHOOD
SURSDJD]LRQHGHOGDQQHJJLDPHQWRDIDWLFD
, WHVW UHDOL]]DWL VRQR VWDWL GL GXH WLSL PRQRDVVLDOL H ELDVVLDOL FRQ GLIIHUHQWL OLYHOOL GL
HFFLWD]LRQHSHULWHVWELDVVLDOLVLVRQRFRQVLGHUDWLGLYHUVLJUDGLGLFRUUHOD]LRQH,WHVWKDQQR
permesso di verificare l’attendibilità della cosiddetta inverse power lawODOHJJHGLULGX]LRQH
ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
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WHPSRUDOHDOODEDVHGLWXWWHOHSULQFLSDOLPHWRGRORJLHGLWHVWDFFHOHUDWL'DOPRPHQWRFKHWDOH
OHJJHGHULYDGDFRQVLGHUD]LRQL WHRULFKHUHODWLYHDOOD IDWLFDPRQRDVVLDOH VWD]LRQDULD ULVXOWD
interessante valutarne l’effettiva applicabilità anche al caso multiassiale, soprattutto in vista 
GLXQSRVVLELOHVYLOXSSRFKHSRWUHEEHURDYHUHWDOLWHFQLFKHGLWHVWLQIXWXUR
I test monoassiali, i più simili alle condizioni ideali per l’applicazione dell’inverse power 
ODZKDQQRSHUPHVVRGLHYLGHQ]LDUQHXQDVSHWWRFULWLFR OHJDWRDOODQRQVWD]LRQDULHWjGHOOD
WHQVLRQHQHOSXQWRSLVROOHFLWDWRFKHVLYHULILFDDVHJXLWRGHOODSURSDJD]LRQHGHOODFULFFD
&LzSXzSRUWDUHDSUHYLVLRQLGLGXUDWDVEDJOLDWHGHOODYLWDHIIHWWLYDGHOFRPSRQHQWH1HLWHVW
effettuati l’errore fra test con tensione stazionaria e test non stazionari si è attestato attorno il 

1HLWHVWPXOWLDVVLDOLLQYHFHJOLVWHVVLSURILOLGLHFFLWD]LRQHXVDWLSHULWHVWVXVLQJRORDVVH
VRQR VWDWL DSSOLFDWL VLPXOWDQHDPHQWH D GXH GLUH]LRQL RUWRJRQDOL XWLOL]]DQGR DOWR H EDVVR
OLYHOOR GL FRUUHOD]LRQH , ULVXOWDWL RWWHQXWL PRVWUDQR FRPH LO IDWWRUH GL DFFHOHUD]LRQH
dell’inverse power law (corrispondente alla pendenza della retta di Fig.1b) debba essere 
VRVWDQ]LDOPHQWH GLPLQXLWR ULVSHWWR DL FRUULVSHWWLYL WHVW PRQRDVVLDOL /D FRUUH]LRQH GD
DSSOLFDUH q IXQ]LRQH GHO JUDGR GL FRUUHOD]LRQH LPSLHJDWR D SDULWj GL GDQQHJJLDPHQWR
HFFLWD]LRQLFRQEDVVDFRHUHQ]DPRVWUDQRXQIDWWRUHGLDFFHOHUD]LRQHLQIHULRUHGHOULVSHWWR
JOL DQDORJKL WHVW FRQ DOWD FRHUHQ]D /D SRVVLELOH VSLHJD]LRQH q GD ULFHUFDUVL QHO GLYHUVR
PHFFDQLVPRGLSURSDJD]LRQHGHOODFULFFDLQIOXHQ]DWRGDOODYDULD]LRQHFDVXDOHGHOODGLUH]LRQH
GHOODULVXOWDQWHGLDFFHOHUD]LRQH
Infine, è stato condotto anche uno studio sull’influenza dei valori RMS di accelerazione 
GDDGRWWDUHSHUODVWLPDGHOFRHIILFLHQWHGLDFFHOHUD]LRQHTXDQGRVLSURJHWWDXQDFDPSDJQD
VSHULPHQWDOHVXXQQXRYRFRPSRQHQWH/HRVVHUYD]LRQLKDQQRSHUPHVVRGLFRQFOXGHUHFKHOD
PLJOLRUHVFHOWDGHEEDULFDGHUHVXYDORUL506EHQVHSDUDWLHFKH OD ORURVFHOWDq WDQWRSL
ULOHYDQWHTXDQWRSLODFRUUHOD]LRQHIUDJOLDVVLqEDVVD


 
DE
)LJXUDDVLVWHPDGLWHVWEPLVXUHRWWHQXWHSHULWHVWPXOWLDVVLDOLFRQEDVVDFRHUHQ]D
%,%/,2*5$),$
>@/DODQQH, C., 2014. “Mechanical vibration and shock analysis Specification Development”. Wiley-ISTE
[2] Whiteman, W. E. and Berman, M. S., 2001. “Inadequacies in uniaxial stress screen vibration testing”. 
Journal of the IEST, SS–
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
, WHVW GL TXDOLILFD D YLEUD]LRQH VRQR XWLOL]]DWL LQ DPELWR LQGXVWULDOH HJ VHWWRUH
DXWRPRELOLVWLFRPDQLIDWWXULHUR DHURVSD]LDOH SHU YHULILFDUH PHGLDQWH O¶XWLOL]]R GL WDYROH
YLEUDQWLRVKDNHUO¶LGRQHLWjGLXQFRPSRQHQWHDOOHVROOHFLWD]LRQLDFXLVDUjVRJJHWWRGXUDQWH
OD VXD YLWD DWWHVD ,Q SDUWLFRODUH SHU OD YHULILFD GHOOD YLWD D IDWLFD GL VLVWHPL VRJJHWWL D
YLEUD]LRQLPHFFDQLFKHOH1RUPHHJ0,/67'1$7257&$'2VXJJHULVFRQR
SURFHGXUH FKH QRQ FRQVLGHUDQR OH HIIHWWLYH FRQGL]LRQL GL VROOHFLWD]LRQH GHL FRPSRQHQWL H
FKH ULVXOWDQR JHQHUDOPHQWH HFFHVVLYDPHQWH VHYHUH(¶ TXLQGL FRPXQH WHQGHQ]D TXHOOD GL
SHUVRQDOL]]DUHLWHVWLQIXQ]LRQHGHOOHUHDOLYLEUD]LRQLPLVXUDWHVXOFDPSRTest Tailoring
DQ]LFKpULFRUUHUHDJOL6WDQGDUG
1HL WHVW YROWL D YDOXWDUH LO FRPSRUWDPHQWR D IDWLFD D IURQWH GHOOH RUH GL YLWDGHOFRPSRQHQWH
GLYHUVHGHFLQHRFHQWLQDLDJOLDOJRULWPLLPSOHPHQWDWLLQDOFXQLVRIWZDUHFRPPHUFLDOL>@
SHUPHWWRQR GL HVHJXLUH SURYH DFFHOHUDWH GL IDWLFD FKHPLUDQR DSURGXUUH OR VWHVVR GDQQR
DVFULYLELOH DOO¶DSSOLFD]LRQH SUDWLFD PD LQ XQ WHPSR PLQRUH ,O GDQQR YLHQH VROLWDPHQWH
VWLPDWRPHGLDQWH OD IXQ]LRQHVSHWWUDOH)DWLJXH'DPDJH6SHFWUXPFDS >@GDFXLYLHQH
VLQWHWL]]DWD OD VSHFLILFD GHO WHVW Mission Synthesis QHOOD IRUPD GL XQD 3RZHU 6SHFWUDO
'HQVLW\PSD$SDUWLUHGDOODPSD LOFRQWUROOHUGHOORVKDNHUJHQHUDLOVHJQDOHWHPSRUDOH
GHO WHVW DFFHOHUDWR LO TXDOH q VHPSUH FDUDWWHUL]]DWR GD XQD GLVWULEX]LRQH GHL VXRL YDORUL
WHQGHQWHDTXHOOD*DXVVLDQD>@4XHVWRWLSRGLGLVWULEX]LRQHSRWUHEEHQRQFRUULVSRQGHUH
DTXHOODGHOODYLEUD]LRQHUHDOHDFXLqVRJJHWWRLOFRPSRQHQWHLQWDOFDVRGDOPRPHQWRFKH
OD QDWXUD GHOO¶HFFLWD]LRQH QRQ YLHQH SUHVHUYDWD ULVXOWD OHFLWR GXELWDUH GHOO¶DIILGDELOLWj GHL
WHVWQRQRVWDQWHLOGDQQRLQGRWWRGDO WHVWDFFHOHUDWRHGDOOHVROOHFLWD]LRQLGHOO¶DSSOLFD]LRQH
UHDOHVWLPDWRLQWHUPLQLGLFDSVLDWHRULFDPHQWHORVWHVVR>@
$OOR VFRSR GL UHQGHUH L WHVW PDJJLRUPHQWH UHDOLVWLFL VL q GLIIXVD LQ OHWWHUDWXUD OD WHQGHQ]DD
FRQWUROODUH GXUDQWH L WHVW YLEUDWRUL XQ SDUDPHWUR VWDWLVWLFR GHQRPLQDWR NXUWRVLV > @ LO
TXDOHUDSSUHVHQWDXQDHIILFDFHHVLQWHWLFDPHWULFDFKHGHVFULYHJOREDOPHQWHLOFRQWHQXWRGL
SLFFKLGLXQVHJQDOH3HUVHJQDOL*DXVVLDQLTXHVWRSDUDPHWURKDLOYDORUHWHRULFRGLSHU
VHJQDOL LQ FXL FRPSDLRQR FRPSRQHQWL GHWHUPLQLVWLFKH VHJQDOL 6LQH 2Q 5DQGRP R
3ODWLFXUWLFL KD XQ YDORUHPLQRUHPHQWUH SHU VHJQDOL LQ FXL FRPSDLRQR SLFFKL GL HOHYDWD
ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
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DPSLH]]DVHJQDOL/HSWRFXUWLFLGRYXWLDGHVHPSLRDPLFURXUWLKDXQYDORUHPDJJLRUH,Q
OHWWHUDWXUDHVLVWRQRGLYHUVLDOJRULWPL>@FKHSHUPHWWRQR ODVLQWHVLGLVHJQDOLDYHQWLXQD
PSDHGXQNXUWRVLVGHVLGHUDWL$OORVWDWRGHOO¶DUWH OH IRUPXOD]LRQLDQDOLWLFKHRSURFHGXUH
QXPHULFKH LPSOHPHQWDWHQHJOLDOJRULWPLGLFRQWUROORGHONXUWRVLVQRQ FRQVLGHUDQRSHUz OD
FDS GHO VHJQDOH VLQWHWL]]DWR FKH SHUFLz ULVXOWHUj LQ JHQHUDOH GLYHUVD GD TXHOOD D FXL q
VRJJHWWR LO FRPSRQHQWH ,O ODYRURGL ULFHUFDGLFXL VLRFFXSDQRJOLDXWRULqTXLQGLYROWRD
SURSRUUH DOJRULWPL LQQRYDWLYL FKH ULHVFDQR DG DFFHOHUDUH L WHVW WUDPLWH O¶HTXLYDOHQ]D GHO
GDQQR FDS WUD OD SURYD DFFHOHUDWD H OH YLEUD]LRQL UHDOL ULXVFHQGR FRQWHPSRUDQHDPHQWH
DQFKH D SUHVHUYDUH OD QDWXUD GHO VHJQDOH SHU PH]]R GHO SDUDPHWUR NXUWRVLV ROWUH DO
FRQWHQXWRLQIUHTXHQ]DPSD
2OWUH DO ODYRUR GL ULFHUFD OD FROODERUD]LRQH FRQ $]LHQGH LQWHUHVVDWH DO SURJHWWR KD SRUWDWR
H SRUWHUj DOOD SURGX]LRQH GL LQWHUIDFFH JUDILFKH *8, FKH LPSOHPHQWDQR JOL DOJRULWPL
LQQRYDWLYLIDFLOPHQWHXWLOL]]DELOLGDOO¶XWHQWHWUDPLWHVHWWDJJLRGLXQQXPHUR UHODWLYDPHQWH
ULGRWWR GL SDUDPHWUL 8QD SULPD *8, SURGRWWD KD ULJXDUGDWR OD LPSOHPHQWD]LRQH GHJOL
DOJRULWPLJLjSUHVHQWLLQDOFXQLVRIWZDUHFRPPHUFLDOLFRQDJJLXQWDGLPLJOLRULHGDOSXQWRGL
YLVWD VLD GL YHORFLWj FKH SUHFLVLRQH FRPSXWD]LRQDOH 8QD VHFRQGD *8, SURGRWWD KD UHVR
IUXLELOL JOL DOJRULWPL VYLOXSSDWL LQ >@ JUD]LH DL TXDOL q SRVVLELOH VLQWHWL]]DUH XQ VHJQDOH
YLEUDWRULRFRQWUROODQGRQHLONXUWRVLVHODPSD/DFROODERUD]LRQHFRQ$]LHQGHKDSHUPHVVR
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$OWUH GXH LQWHUIDFFH JUDILFKH VRQR DWWXDOPHQWH LQ SURGX]LRQH OH TXDOL LPSOHPHQWDQR
DOJRULWPLQRQDQFRUDRWWLPL]]DWLPDJLjIXQ]LRQDQWLLQRWWLFDGLDJJLXQJHUHLOFRQWUROORGHOOD
FDSDTXHOORGHONXUWRVLVSHUORVYROJLPHQWRGLWHVWDFFHOHUDWL
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(QJLQHHULQJFRPSRQHQWV DUHXVXDOO\ VXEMHFWHG LQ VHUYLFH WR UDQGRPVWUHVV WLPHKLVWRULHV
RYHU WLPH 1RWHZRUWK\ H[DPSOHV DUH YHKLFOHV H[FLWHG E\ URDG LUUHJXODULW\ RU HQJLQH
YLEUDWLRQVVWUXFWXUHVVXEMHFWHGWRZDYHRUZLQGORDGLQJV7RDVVHVVWKHIDWLJXHGDPDJHDQG
FRPSRQHQWVHUYLFHOLIHWZRGLIIHUHQWDSSURDFKHVFDQEHXVHG7KHPRVWFRPPRQO\XVHGRQH
LVEDVHGRQWLPHGRPDLQDQDO\VLVRIUDQGRPVWUHVVWLPHKLVWRULHV5DLQIORZFRXQWLQJPHWKRG
DQG3DOPJUHQ0LQHUUXOH7KLVPHWKRGLVEDVHGRQZHOOHVWDEOLVKHGSURFHGXUHVDQGGRHVQRW
UHTXLUHWRRFRPSOH[WKHRULHVKRZHYHULWXVXDOO\QHHGVORQJWLPHKLVWRU\UHFRUGVWRDFKLHYH
DUHDVRQDEOHFRQILGHQFHLQWKHHVWLPDWHGVWDWLVWLFDOGLVWULEXWLRQRIUDLQIORZF\FOHDQGIDWLJXH
GDPDJH,QYLHZRIWKHVHUHTXLUHPHQWVZHFDQDGRSWDVRFDOOHGIUHTXHQF\GRPDLQVSHFWUDO
DSSURDFK ZKLFK FKDUDFWHUL]HV D UDQGRP ORDGLQJ E\ LWV 3RZHU 6SHFWUDO 'HQVLW\ 36'
IXQFWLRQ2QHRIWKHJUHDWHVWDGYDQWDJHVRIWKHVSHFWUDODSSURDFKFRPSDUHGZLWKWKHWLPH
GRPDLQDQDO\VLV LV WKHSRVVLELOLW\ WRH[SORLW WKH36'WRHVWLPDWH DOOVWDWLVWLFDOSDUDPHWHUV
FKDUDFWHUL]LQJD UDQGRPORDGLQJHJYDULDQFHQXPEHURISHDNVDQG]HURFURVVLQJVDQG
DOVRWRHYDOXDWHWKHH[SHFWHGYDOXHRI IDWLJXHGDPDJHEDE\UHODWLYHO\VLPSOHDQDO\WLFDO
HTXDWLRQV 6HYHUDO VSHFWUDO PHWKRGV DUH DYDLODEOH LQ WKH OLWHUDWXUH HJ QDUURZEDQG
DSSUR[LPDWLRQ7%PHWKRG VLQJOHPRPHQWPHWKRGHWF WKDWDSSO\ WR VWDWLRQDU\HUJRGLF
DQG*DXVVLDQUDQGRPORDGLQJ>@
,IWKH36'IXQFWLRQLVNQRZQH[SOLFLWO\IRUH[DPSOH,62IRUURDGLUUHJXODULW\3LHUVRQ–
0RVNRZLW] IRUZDYHV WKHHVWLPDWHGGDPDJH LVsomehow “exact”. ,QSUDFWLFDOVLWXDWLRQV
KRZHYHU WKH 36' LV HVWLPDWHG IURP D PHDVXUHG WLPHKLVWRU\ UHFRUG DFFRUGLQJ WR VRPH
UHFRPPHQGDWLRQV >@ LW LV WKHQ DIIHFWHG E\ D VWDWLVWLFDO XQFHUWDLQW\ TXDQWLILHG WKURXJK D
FRQILGHQFH LQWHUYDO7KHXQFHUWDLQW\ LQ WKHHVWLPDWHG36' WXUQVRXWDQXQFHUWDLQW\ LQ WKH
H[SHFWHGGDPDJHHVWLPDWH$lso a variance ı'RIWKHGDPDJHDURXQGLWVH[SHFWHGYDOXHED
KDVWREHWDNHQLQWRDFFRXQW>@
7KHDLPRIWKLVZRUNLVWRLQYHVWLJDWHWKHHIIHFWRIWKHDERYHPHQWLRQHGXQFHUWDLQWLHV
RQ WKH IDWLJXH GDPDJH HVWLPDWHG E\ D IUHTXHQF\GRPDLQ DSSURDFK 7R HYDOXDWH WKH
FRQILGHQFH OLPLW RQ IDWLJXH GDPDJH QXPHULFDO WHVW FDVHV DUH SHUIRUPHG LQ ZKLFK WKH
VWDWLVWLFDO SDUDPHWHUV RI VLPXODWHG UDQGRP ORDGLQJ DUH IXOO\ FRQWUROOHG E\ VSHFLI\LQJ D
“WDUJHW”36'IXQFWLRQ)LJ7RWKLVHQGWKHXVHRIVLPXODWHGVLJQDOVSURYHVWREHPRUH
DGYDQWDJHRXVWKDQUHDOVLJQDOVIRUZKLFKWKH“true” 36'LVQRWNQRZQa prioriDQGLWFDQ
RQO\EHHVWLPDWHGIURPPHDVXUHPHQWV

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Analysis steps from “WDUJHW”36'WRFRQILGHQFHEDQGRIIDWLJXHGDPDJH
In simulations, the “WDUJHW”36'LVD3LHUVRQ–0RVNRZLW]VSHFWUXPIRUVHDZDYHORDGV
7KHWDUJHW36'LVXVHGIRUVLPXODWLQJVWDWLRQDU\*DXVVLDQUDQGRPVLJQDOVZKLFKDUHWKHQ
XVHG IRUHVWLPDWLQJEDFN WKH36' LQ WZRDQDO\VLV VWHSV ILUVWXVLQJ WKHQDUURZHVW ILOWHU WR
LGHQWLI\WKHUHOHYDQWSHDNVLQWKHVSHFWUXPVHFRQGXVLQJDEURDGHUILOWHULQRUGHUWRLPSURYH
WKHIUHTXHQF\UHVROXWLRQLQWKHHVWLPDWHG36'7KLVDSSURDFKLVUHFRPPHQGHGE\0RUURZ
ZKLOH/DODQQHVXJJHVWVWKHWKUHVKROGRIVWDWLVWLFDOHUURUDQGILOWHU>@7KH36'HVWLPDWLRQ
LV SHUIRUPHG E\ :HOFK’s PHWKRG ZLWK +DQQLQJ ZLQGRZ DQG  RYHUODSSLQJ ZKLFK
JXDUDQWHHV D FRQVWDQWZHLJKWLQJ RQ D EURDG SDUW RI WKHZLQGRZ >@%RWK DQG 
FRQILGHQFHOHYHOVDUHFDOFXODWHGRQWKHHVWLPDWHG36'7KHVLQJOHPRPHQWPHWKRGLVXVHGWR
HVWLPDWHWKHIDWLJXHGDPDJHIURPWKHDYHUDJHHVWLPDWHG36'DVZHOODV IURPXSSHUORZHU
FRQILGHQFH OLPLWV $ FRQILGHQFH EDQG IRU WKH IDWLJXH GDPDJH LV WKHQ FRQVWUXFWHG DQG
compared to the exact value calculated from the “target” PSD.
7KH SUHOLPLQDU\ UHVXOWV VKRZ WKDW WKH “WDUJHW” GDPDJH DOZD\V IDOOV ZLWKLQ WKH
FRQILGHQFHEDQGZKLFKPDNHVWKHSURSRVHGSURFHGXUHYHU\SURPLVLQJ,WLVQRWHGWKDWWKH
KLJKHULVWKHOHYHORIFRQILGHQFHWKHODUJHULVWKHUDQJHRIWKHGDPDJHLQWHUYDO2QWKHRWKHU
KDQGDORQJHUWLPHKLVWRU\UHFRUGSURYLGHVPRUHUHOLDEOHUHVXOWVFORVHUWRWKH“WDUJHW”36'
7KLVVWXG\WULHVWRDVVHVVWKHOHYHORIXQFHUWDLQW\DVVRFLDWHGZLWKWKHGDPDJHHVWLPDWHWKDW
ZKLFKFRPHV IURP WKHXQFHUWDLQW\ LQ WKH36'HVWLPDWH7KLV UHVXOW FRXOGEHXVHIXOZKHQ
GHVLJQLQJ VWUXFWXUHV XQGHUJRLQJ UDQGRP ORDGLQJ $V D IXWXUH SHUVSHFWLYH WKLV VWXG\ ZLOO
SURYHXVHIXO LQSURFHVVLQJPHDVXUHGVLJQDOV, for which the “target” PSD is not known in 
DGYDQFHDQGRQO\LWVHVWLPDWHLVDYDLODEOH
5()(5(1&(6
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>@0RUURZ& 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SOMMARIO ESTESO 
Una  delle  tecnologie  più  promettenti  nell’industria  è  senza dubbio il sistema di trasporto 
a carrelli indipendenti, che può sostituire i motori a induzione e le catene cinematiche in 
diverse applicazioni, soprattutto nel campo delle macchine per il confezionamento 
automatico [1]. Il sistema di trasporto a carrelli indipendenti è costituito da diverse unità 
mobili in moto su di un circuito chiuso, e ognuno delle unità può muoversi liberamente 
rispetto alle altre. Ogni carrello è costituito da un motore lineare a induzione, in cui i magneti 
si trovano sui carrelli mobili insieme a un dispositivo per la retroazione (ad esempio un 
sensore Hall per tenere traccia della posizione), mentre gli avvolgimenti e gli azionamenti 
sono posti sul telaio. Il sistema di controllo aziona ciascun carrello in modo indipendente in 
base al profilo di movimento caricato. I carrelli sono collegati al telaio attraverso una serie di 
rulli, i cui cuscinetti sono soggetti ad usura. In questo articolo si è sviluppato un algoritmo 
per la simulazione del segnale di vibrazione atteso in condizioni di danneggiamento dei 
carrelli indipendenti. In particolare, in presenza di diversi tipi di danni sui cuscinetti volventi 
presenti.  
Il modello prende in considerazione il profilo di movimento, la progettazione meccanica 
del carrello, la geometria del percorso, i carichi previsti e il tipo di guasto sul cuscinetto a 
rulli. Il modello proposto è un’estensione di precedenti lavori degli autori [2, 3], fornendone 
in questa sede una validazione numerica e sperimentale. In particolare, dopo una prima 
verifica numerica della corretta simulazione in condizioni stazionarie di funzionamento, si è 
svolta una validazione sperimentale del modello in condizioni non stazionarie, dimostrando 
la validità del modello e del segnale di vibrazione restituito. In Fig. 1 si mostra il confronto 
tra gli spettri calcolati sperimentalmente e simulati nel caso di danno sull’anello esterno ed 
in presenza di slittamenti random all’interno del cuscinetto volvente. I risultati ottenuti 
dimostrano la validità dell’algoritmo proposto. 
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Figura 1. Spettro del segnale sperimentale e simulato, danno anello esterno, v=1500 mm/s, 
slittamenti random abilitati. 
BIBLIOGRAFIA 
[1] Cavalaglio Camargo Molano, J., Rossi, S., Cocconcelli, M., Rubini, R., 2017. “Dynamic model of an
independent carts system”, Adv. Ita. Mech. Sc. Mech. and Machines Sc., 47, Springer, pp. 379-387. 
[2] Cocconcelli, M., Cavalaglio Camargo Molano, J., Rubini, R., Capelli, L., and Borghi, D., 2018, “Bearing
fault model for an independent cart conveyor”, in Proceedings of the 6th International Conference on
Condition Monitoring of Machinery in Non-Stationary Conditions, Santander, Spain, 20-22 June. 
[3] D’Elia, G., Cocconcelli, M., and Mucchi, E., 2018, “An algorithm for the simulation of faulted bearings
in nonstationary conditions”, Meccanica, 53(45), Springer, pp. 1147-1166.
48
21 7+( ',$*1267,&6 2) 7:2 '(*5((6 2)
)5(('203/$1(7$5<*($5%2;(6

*LDQOXFD'¶(OLD*LRUJLR'DOSLD](PLOLDQR0XFFKL
1Engineering Department, University of Ferrara, Italy 
E-mail: gianluca.delia@unife.it, giorgio.dalpiaz@unife.it, emiliano.mucchi@unife.it 
.H\ZRUGVplanetary gearboxes, differential, diagnostics, vibrations 
(;7(1'('$%675$&7
*HDUER[HV DUH  FRPPRQO\  XVHG  LQ  PDQ\  DXWRPRWLYH  DHURVSDFH DQG  LQGXVWULDO
DSSOLFDWLRQV$VURWDWLQJPDFKLQHVWKH\VXIIHUIDWLJXHF\FOHVLQZRUNLQJFRQGLWLRQVRIWHQ
DJJUDYDWHGE\QRQVWDWLRQDU\ORDGV(YHQDVPDOOIDLOXUHFRXOGOHDGWRFDWDVWURSKLFUHVXOWV
HUJRFRQGLWLRQPRQLWRULQJDQGGLDJQRVWLFVSURFHGXUHVVKRXOGEHDGRSWHGLQRUGHUWRDYRLG
DFFLGHQWV DQG JHQHUDWH FRVW VDYLQJV 2YHU PRUH WKDQ WZR GHFDGH UHVHDUFKHUV IRFXV WKH
DWWHQWLRQ RQ WKH GHYHORSPHQW RI YLEUDWLRQ EDVHG IDXOW GLDJQRVLV PHWKRGRORJLHV WKDW DUH
DSSOLHGRQJHDUER[VLJQDOV>@$SOHWKRUDRIDGYDQFHGYLEUDWLRQVLJQDOSURFHVVLQJWHFKQLTXHV
FDQEHDSSOLHGLQRUGHUWRH[WUDFWGLDJQRVWLFLQIRUPDWLRQLQFRPSOH[JHDUHGWUDQVPLVVLRQ>@
$PRQJ WKHP WKH FODVV RI SODQHWDU\ JHDUER[HV LV SUREDEO\ WKH PRVW FKDOOHQJLQJ >@
,QGHSHQGHQWO\ IURP WKH DQDO\VHG WUDQVPLVVLRQ WKH XVXDO GLDJQRVWLFV SURFHGXUH KDV VRPH
FRPPRQSRLQWVVXFKDVLH[WUDFWLRQRIWKHVSHFLILFVLJQDWXUHRIDOOJHDUVDQGEHDULQJVLL
HYDOXDWLRQ RI SHFXOLDU SDUDPHWHUV RQ WKH H[WUDFWHG VLJQDOV8VXDOO\ WKH H[WUDFWLRQ RI WKH
VSHFLILFJHDUVLJQDWXUHVLVSHUIRUPHGE\PHDQVRIWKHZHOONZRQWLPHV\QFKURQRXVDYHUDJH
76$ WHFKQLTXHSURSRVHGE\%UDXQ LQ WKHPLGV >@+RZHYHU VXFK76$ WHFKQLTXHV
UHODWH WR JHDUVZLWK IL[HGYLEUDWLRQ WUDQVIHU SDWKV IURP WKH VRXUFH RI WKH YLEUDWLRQ WR WKH
WUDQVGXFHU:LWKSODQHWDU\JHDUVWKHYLEUDWLRQWUDQVIHUSDWKLVQRWIL[HGEXWLWLVVXEMHFWHGWR
YDULDWLRQ$WHFKQLTXHIRUWKHHYDOXDWLRQRIWKH76$YLEUDWLRQVLJQDOVDVVRFLDWHGZLWKWKHVXQ
DQGSODQHWJHDUVRIDSODQHWDU\JHDUDUUDQJHPHQWZDVSURSRVHGE\0F)DGGHQLQWKHHDUO\V
>@+RZHYHUWKLVWHFKQLTXHKDVDPDLQGUDZEDFNUHODWHGWRWKHKLJKVLJQDOOHQJWKQHHGHG
IRUWKHH[WUDFWLRQRIWKHSODQHWVXQJHDU76$V$QDOWHUQDWLYHPHWKRGZKLFKRYHUFRPHWKLV
GUDZEDFNZDV SURSRVHG E\)RUUHVWHU LQ >@ 7KLVPHWKRG LV EDVHG RQ WKH LQFOXVLRQ RI D
VHOHFWLYHWLPHILOWHULQWRWKHVLJQDODYHUDJLQJSURFHVV7KLVILOWHUDFFRXQWVIRUWKHVHSDUDWLRQ
RIWKHFRQWULEXWLRQRIHDFKSODQHWVXQVLJQDWXUHE\WLPHZDLWLQJWKHJOREDOYLEUDWLRQVLJQDO
'LIIHUHQWLDODUHSODQHWDU\JHDUDUUDQJHPHQWZLWKWZRGHJUHHVRIIUHHGRPWKHUHIRUHWKH
)RUUHVWHUPHWKRGFRXOGE\DGRSWHGDIWHU DQJXODU UHVDPSOLQJ WKHYLEUDWLRQ VLJQDOZLWK WKH
EHYHOGULYHJHDUZKLFK LV IL[HG WR WKHSODQHW FDUULHU ,Q WKLVZRUN LQRUGHU WR UHGXFH WKH
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SOMMARIO ESTESO 
Le perdite di grano causate da infestazioni di insetti non sono trascurabili e il conseguente 
danno economico non può essere ignorato dalle aziende che lavorano derrate alimentari. I 
costi considerevoli per il contrasto di simili infestazioni possono essere ridotti solo grazie a 
una loro precoce identificazione. Lo Sitophilus Oryzae è l’insetto che viene preso in 
considerazione in questo lavoro in quanto rappresenta uno dei principali insetti infestanti del 
grano. 
Gli insetti adulti sono identificabili abbastanza agevolmente setacciando il grano mentre 
fino a poco tempo fa è stato più difficile e più costoso identificare le larve: la femmina di S. 
oryzae depone una larva all’interno di una cariosside dopo avervi praticato un foro e si 
premura di richiuderlo a processo terminato, rendendo così difficile la loro identificazione 
[1]. Alcune aziende hanno pensato di produrre uno strumento che permette di ascoltare in 
cuffia anche i suoni emessi dalle larve all’interno delle cariossidi, così da poterle identificare 
prima che siano diventate insetti adulti e abbiano nel frattempo mangiato gran parte della 
cariosside che le ospitava [2]. 
Partendo dall’uso di questo strumento si è sviluppato un metodo di rilevamento 
automatizzato della presenza delle larve e degli adulti di S. oryzae che non richiedesse più la 
presenza di un operatore addetto all’ascolto dei rumori provenienti dai campioni di grano 
analizzati mediante l’utilizzo di cuffie e microfono. 
L’algoritmo sviluppato, interpretando le registrazioni audio di segnali acquisiti da un 
apposito microfono, riesce a identificare la presenza di S. oryzae in un campione di grano e 
a stimare la maggiore o minore presenza di adulti rispetto alle larve. 
È stata condotta una campagna sperimentale di registrazione dei suoni provenienti da un 
set di campioni di grano specifici, in collaborazione e presso il Laboratorio di Entomologia 
del Dipartimento di Scienze della Vita dell’Università di Modena e Reggio Emilia. 
L’algoritmo proposto filtra il segnale in una specifica banda di frequenza determinata 
sperimentalmente, calcola la potenza media istantanea del segnale e la variazione del suo 
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valore nel tempo (Fig. 1). Per identificare la variazione di potenza del segnale causata da un 
morso piuttosto che da un movimento dell’insetto si è fatto riferimento a una finestra 
temporale mobile della durata paragonabile a quella di un morso. Per ciascuna finestratura si 
è valutato il valore massimo e minimo della potenza istantanea al suo interno. Variazioni 
superiori a 10 volte il valore minimo misurato sono state associate alla presenza di un 
masticamento, mentre variazioni di almeno 2.5 volte il valore minimo sono state associate al 
movimento dell’insetto tra un chicco di grano e l’altro, identificando la presenza di adulti. 
Il software realizzato si è dimostrato capace di riconoscere l’infestazione in atto di S. 
oryzae evidenziando la contemporanea presenza insetti adulti e larve o dei soli adulti. 
 
 
Figura 1. Soglie di potenza e potenze medie caratteristiche delle 57 registrazioni analizzate 
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EXTENDED ABSTRACT 
Regeneration of tendons represents nowadays an unsolved clinical problem worldwide. 
Resorbable electrospun nanofibrous scaffolds mimicking the morphology and mechanical 
properties of tendon fascicles were developed in a previous study [1].   
The aims of the study were: (i) to develop a hierarchical multiscale nanofibrous electrospun 
scaffolds mimicking the morphology and the biomechanical properties of tendons; (ii) to 
characterize their structure from the morphological and mechanical point of view; (iii) to 
evaluate its cell viability. 
Electrospun bundles of aligned nanofibers of poly-L-lactic acid (PLLA) were produced 
by  wrapping electrospun mats on a drum collector [1]. To produce the hierarchical multiscale 
tendon-like scaffold 100 bundles of 100 mm length were aligned together.  An “epitenon-
like” sheath of PLLA was electrospun on the bundles to group and compact them together.  
The morphology of the multiscale scaffolds was evaluated with scanning electron 
microscopy (SEM) and high-resolution x-rays computed tomography (XCT).  The 
orientation of the nanofibers was assessed following a validated XCT-based protocol [2]. 
Different voxel sizes of the XCT scans were chosen to permit a multiscale approach to the 
ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
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 investigation (0.4 micrometers for the bundles, and 8.5-20 micrometers for the multiscale 
scaffolds). The mechanical properties of both single bundles and hierarchical multiscale 
scaffolds were tested with a monotonic ramp to failure. In order to reproduce physiological 
scenarios of failure, physiological strain rates were used (33%/sec. for the single bundles and 
100%/sec. for the hierarchical multiscale scaffolds).  Cell infiltration was evaluated with 
human fibroblasts and the scaffolds evaluated with a histological investigation. 
The nanofibers and the bundles showed diameters in the range of the collagen fibrils 
and fascicles in the human tendon [3]. The SEM and XCT images showed that the nanofibers 
were aligned within the bundles in a physiological way. The sheath was homogeneous, and 
the bundles were compactly assembled.  The XCT and SEM investigation confirmed also a 
morphology and hierarchical structure of both the single bundles and the hierarchical 
multiscale scaffolds similar to the human fascicles and tendons [3].  The single bundles and 
the hierarchical multiscale scaffolds showed a ductile behaviour with mechanical properties 
in the range of human tendons [3, 4].  Cells successfully infiltrated into the scaffolds and 
proliferated inside them in a physiological way.   
The promising results for the produced hierarchical multiscale electrospun scaffold of 
PLLA confirm the potential of the production process developed in this study, able to produce 
high-fidelity scaffolds for regeneration and replacement of tendon tissue. 
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7KHFRPPRQFOLQLFDOPHWKRGIRUSUHGLFWLQJWKHKLSIUDFWXUHULVNLVEDVHGRQ'XDOHQHUJ\;
5D\$EVRUSWLRPHWU\';$SODQDUPHDVXUHPHQWVRI%RQH0LQHUDO'HQVLW\%0'7VFRUH
DYHUDJHG RYHU ODUJH IHPRUDO UHJLRQV QHFN WURFKDQWHULF LQWHUWURFKDQWHULF DQG :DUG¶V
WULDQJOHDQGKDVSRRUVHQVLWLYLW\DQGVSHFLILFLW\+RZHYHUIUDFWXUHRQVHWLVGHWHUPLQHGE\
WKHORFDOWLVVXHSURSHUWLHVDQGWKHG\QDPLFORDGFDXVHGE\WKHIDOOZKLFKLQWXUQLVGHWHUPLQHG
E\WKHERG\PDVVWKHVSHHGDWWRXFKGRZQDQGWKHHQHUJ\DEVRUEHGE\WKHWLVVXHVVXUURXQGLQJ
WKHIHPXU>@$LPVWRUHSURGXFHDVLGHZD\VIDOOVFHQDULRin vitro DQGWRFRPSDUHIHPRUDO
IUDFWXUHRXWFRPHVZLWKIUDFWXUHULVNSUHGLFWLRQVXVLQJWKH7VFRUHDQGDFRPELQDWLRQRI
FOLQLFDOOHYHO&RPSXWHG7RPRJUDSK\&7PHDVXUHPHQWVRI%0'DQGERG\DQWKURSRPHWULF
%$SDUDPHWHUV
 6HYHQ IHPXUV 7VFRUH UDQJH   ZHUH FROOHFWHG 7DEOH  0LFUR
FRPSXWHGWRPRJUDSK\PLFUR&7LPDJHVPPYR[HOVL]HZHUHDFTXLUHGDWWKH$XVWUDOLDQ
6\QFKURWURQ &OD\WRQ 9,& $XVWUDOLD >@ DQG FOLQLFDO&7  PP SL[HO VL]H ZHUH
SHUIRUPHG7RUHSURGXFHDUHDOLVWLFVLGHZD\VIDOODGURSWRZHUZDVXVHGIHPXUVZHUHSODFHG
ZLWK  RI DEGXFWLRQ DQG  RI LQWHUQDO URWDWLRQ DQG ORDGHG RQ WKH JUHDWHUWURFKDQWHU
3DWLHQWVSHFLILFHQHUJ\ORDGLQJFRQGLWLRQVEDVHGRQGRQRU%$ZHLJKWKHLJKWDQGVRIWWLVVXH
WKLFNQHVVZHUHGHILQHGIRUHDFKVSHFLPHQ>@

7DEOH &RPSDULVRQRIIUDFWXUHULVNHVWLPDWHEDVHGRQ';$LI7VFRUHLQGLFDWHG
DV³<´RWKHUZLVH³1´&7%0'DQG%$DQGH[SHULPHQWDOO\REVHUYHGIUDFWXUHV1QRQ
IUDFWXUHG<IUDFWXUHG
6SHFLPHQ       
';$7VFRUHSUHGLFWLRQ 1 1 1 < < < <
&7%0'%$SUHGLFWLRQ 1 < 1 < < < 1
)UDFWXUHH[SHULPHQW < < 1 < < < 1
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)LJXUH 'LIIHUHQWIDLOXUHSDWWHUQVVXEFDSLWDOOHIWDQGSHUWURFKDQWHULFULJKW
,PDJHVRIWKHVSHFLPHQVDFTXLUHGZLWKKLJKVSHHGFDPHUDGXULQJWKHWHVWVDIRUERWK
VSHFLPHQVDQGV\QFKURWURQPLFUR&7LPDJHVRIWKHLQWDFWERQHE5HGDUURZVIDLOXUH
SRLQWEOXHDUURZGLUHFWLRQRIDSSOLHGORDG
'XULQJ WKH LPSDFW LPDJHVRI WKH IHPRUDOQHFNZHUHYLGHRUHFRUGHGZLWK WZRKLJKVSHHG
FDPHUDV +]9LVLRQ UHVHDUFK3KDQWRP8+66SHFLPHQVZHUH FDWHJRUL]HG LQ
KLJKDQGORZULVNRIIUDFWXUHEDVHGRQ';$EDVHGGLDJQRVLVRIRVWHRSRURVLV7VFRUH
PHDQLQJKLJKULVNDQGIUDFWXUHSUHGLFWLRQVEDVHGRQFOLQLFDO&7HVWLPDWHVRI%0'
WKURXJKDQHVWDEOLVKHGILQLWHHOHPHQWSURFHGXUH>@DQGLPSDFWORDGVGHWHUPLQHGE\

) 0YW

ZKHUH0LV WKHERG\PDVVY LV WKHVSHHGDW WRXFKGRZQDQG W LV WKH LPSDFWGXUDWLRQ>@
3UHGLFWLRQVDQGIUDFWXUHWHVWRXWFRPHVZHUHFRPSDUHG)UDFWXUHRQVHWORFDWLRQGHWHUPLQHG
IURPWKHKLJKVSHHGLPDJHVZDVFRPSDUHGZLWKWKHORFDOLQWHUQDOERQHPLFURDUFKLWHFWXUH
LQWKHPLFUR&7LPDJHV
 )RXURXWRIVSHFLPHQVVKRZHGHLWKHUDIUDFWXUHRUQRIUDFWXUHLQ
DJUHHPHQW ZLWK WKH ';$EDVHG SUHGLFWLRQV +RZHYHU WZR VSHFLPHQV LGHQWLILHG DV QRQ
RVWHRSRURWLFGLGDFWXDOO\IUDFWXUHZKHUHDVRQHRVWHRSRURWLFVSHFLPHQGLGQRW
IUDFWXUH7DEOH&7EDVHG%0'DQG%$FRUUHFWO\SUHGLFWHGVL[RXWRIVSHFLPHQV
 7KHIHPXUVVKRZHGWZRGLIIHUHQWIDLOXUHSDWWHUQVVXEFDSLWDODQGSHUWURFKDQWHULF
)LJ  7KH REVHUYHGPLFURVWUXFWXUH RI WKH WUDEHFXODU ERQH VXJJHVWHG WKDW IDLOXUH RQVHW
PLJKWEHOLQNHGWRWKHORFDOWUDEHFXODUERQHDUFKLWHFWXUH

 7KH FOLQLFDO FODVVLILFDWLRQ RI RVWHRSRURVLV ';$ 7VFRUH  RQO\ SDUWLDOO\
SUHGLFWHG WKH DFWXDO IHPRUDO IUDFWXUH REVHUYHG LQ D VLPXODWHG VLGHZD\V IDOO  RXW RI 
3UHGLFWLRQVEDVHGRQ&7%0'FRPELQHGZLWKERG\DQWKURSRPHWU\JDYHDEHWWHUSUHGLFWLRQ
FRUUHFWRXWRI%RG\DQWKURSRPHWU\DQGERQHPLFURVWUXFWXUHPD\SOD\DIXQGDPHQWDO
UROH>@LQLGHQWLI\LQJWKHULVNRIIHPRUDOIUDFWXUHZKLOHIDOOLQJRQDVLGH
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1HO TXDGUR LQGXVWULDOH DWWXDOH OD VSLQWD YHUVR VLVWHPL DOWDPHQWH DXWRPDWL]]DWL I OHVVLELOL
H PRGXODUL q VHPSUH SL SHUYDVLYD H WHVD D JDUDQWLUH OR VYLOXSSR WHFQRORJLFR H OD
FRPSHWLWLYLWj LQGXVWULDOH GHOOH ,PSUHVH ,Q TXHVWR VFHQDULR FDUDWWHUL]]DWR GD XQD IRUWH
GLQDPLFLWj H ULFHUFD GHOO¶LQQRYD]LRQH VL ULSRUWD OD UHFHQWH DWWLYD]LRQH GHO ODERUDWRULR
TAILOR 7HFKQRORJ\ DQG $XWRPDWLRQ IRU ,QGXVWU\ /DE25DWRU\ ULVXOWDWR GHOOD
FROODERUD]LRQHSOXULHQQDOHWUDLO'LSDUWLPHQWRDINGHOO¶Università di BolognaHO¶$]LHQGD
Siropack Italia &HVHQDWLFR )& 3HU VRVWHQHUH OD VLQHUJLD WUD 8QLYHUVLWj H ,PSUHVD
6LURSDFN ,WDOLD KD ULVHUYDWR DO DIN XQR VSD]LR GL  P DOO¶LQWHUQR GHO SURSULR
VWDELOLPHQWR LQ FXL VYROJHUH DWWLYLWj GL ULFHUFD FRQJLXQWD SHUFRUVL GL DOWD IRUPD]LRQH H
DYYLDUH SDUWQHUVKLS D OLYHOOR QD]LRQDOH H LQWHUQD]LRQDOH ,O ODERUDWRULR TAILOR RIIUH JOL
VWUXPHQWLQHFHVVDULSHUVXSSRUWDUHHGDFFHOHUDUHO¶LQQRYD]LRQHTXDOLLFRLQYROJLPHQWRGL
GRFHQWLHJLRYDQLULFHUFDWRULGHOO¶8QLYHUVLWjGL%RORJQDDVXSSRUWRGHOODULFHUFDDYDQ]DWDGL
WHFQRORJLH LQQRYDWLYH LL LPPHGLDWR WUDVIHULPHQWR WHFQRORJLFR SURGX]LRQH HG
DSSOLFD]LRQH GL VROX]LRQL DG DOWR OLYHOOR QHOO¶DPELWR D]LHQGDOH WUDPLWH LO FRLQYROJLPHQWR
GLUHWWR GHOOH ,PSUHVH 2ELHWWLYR SULPDULR H IRQGDPHQWDOH GL TAILOR q LO VXSSRUWR DOOD
IRUPD]LRQH GL ILJXUH SURIHVVLRQDOL VX GLYHUVL OLYHOOL VWXGHQWL GL ,QJHJQHULD DWWUDYHUVR
O¶HVSHULHQ]D SUDWLFD LQ ODERUDWRULR LQVHULPHQWR GL WLURFLQDQWL H WHVLVWL QHO FRQWHVWR
LQGXVWULDOHDWWLYLWjGLULFHUFDGLDOWDTXDOLILFD]LRQHSHUGRWWRUDQGLVYLOXSSRGLFRPSHWHQ]H
DYDQ]DWH SHU ODYRUDWRUL /¶HVSHULHQ]D DWWLYD LQ XQ ODERUDWRULR LQWHJUD OD IRUPD]LRQH
XQLYHUVLWDULD H IDFLOLWD O¶DFTXLVL]LRQH GL FRPSHWHQ]H PLUDWH DOO¶LQVHULPHQWR QHO PRQGR
LQGXVWULDOH'DTXHVWDYRFD]LRQHGHULYDLOQRPHTAILORFKHULFKLDPDO¶LGHDGLODERUDWRULR
FRPH OXRJR LQ FXL O¶HVSHULHQ]D SUDWLFD FRQVHQWH O¶LQVHJQDPHQWR GL XQ PHVWLHUH
YDORUL]]DQGRQHFRQVDSHYROH]]DHUHVSRQVDELOLWj/DFROODERUD]LRQHGHILQLWDGDXQDFFRUGR
TXDGUR VLJODWR D6HWWHPEUH LQFOXGH DWWLYLWj GL ULFHUFDPXOWLGLVFLSOLQDUH DWWXDOPHQWH
VYROWHGDGRWWRUDQGLHGRFHQWLDWWLYLQHLVHWWRULGL0HFFDQLFD$SSOLFDWDDOOH0DFFKLQH
,PSLDQWL,QGXVWULDOL0HFFDQLFLH3URJHWWD]LRQH0HFFDQLFDH&RVWUX]LRQHGL0DFFKLQH
1HO EUHYH WHUPLQH OD ULFHUFD q IRFDOL]]DWD VXOOR VYLOXSSR GHOO¶DXWRPD]LRQH LQ DPELWR
PHFFDQLFR8QDGHOOH WHPDWLFKH WUDWWDWHFRPSUHQGHODGHILQL]LRQHGLVWUDWHJLHGLFRQWUROOR
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SHU URERW LQGXVWULDOL H FROODERUDWLYL RYYHUR URERW SURJHWWDWL SHU SRWHU RSHUDUH LQ
FROODERUD]LRQH FRQ O¶XRPR (VVL SHUPHWWRQR GL FRPELQDUH OD IRU]D OD SUHFLVLRQH H OD
ULSHWLELOLWj GHL URERW WUDGL]LRQDOL FRQ OH FDSDFLWj FRJQLWLYH SURSULH GHJOL HVVHUL XPDQL >@
4XHVWHVWUDWHJLHVDUDQQRWHVWDWHVXXQ¶LVRODURERWL]]DWDDSSRVLWDPHQWHSURJHWWDWDHGRWDWDGL
GXHURERWXQDQWURSRPRUIRHGXQR6&$5$PHVVLDGLVSRVL]LRQHDWLWRORJUDWXLWRDVVLHPH
DG DOWUL FRPSRQHQWL HOHWWULFL GD Mitsubishi Electric /D FHOOD DWWXDOPHQWH LQ IDVH GL
DOOHVWLPHQWRVDUjGRWDWDDQFKHGLYDULGLVSRVLWLYLGLYLVLRQHVLDILVVLFKHVROLGDOLDLURERWH
FKH VDUDQQR XWLOL]]DWL SHU O¶LPSOHPHQWD]LRQH GL VLVWHPL GL FRQWUROOR vision-based >@
/¶XWLOL]]R GL VLVWHPL GL YLVLRQH KD XQD VHULH GL YDQWDJJL WUD FXL OD SRVVLELOLWj GL GHILQLUH
VWUDWHJLH RSHUDWLYH QHO FDVR GL VLWXD]LRQL LQ FXL VL GHEED JDUDQWLUH LO ULFRQRVFLPHQWR H
WUDFFLDELOLWjGHLSURGRWWLHVLJHQ]DLQGXVWULDOHSLXWWRVWRVHQWLWD
8Q¶DOWUD DWWLYLWj GL ULFHUFD ULJXDUGHUj O¶DOOXQJDPHQWR GHO FLFOR GL YLWD GHL SURGRWWL
DWWUDYHUVR PDQXWHQ]LRQH VX FRQGL]LRQH H SUHGLWWLYD 4XHVWH VWUDWHJLH GL PDQXWHQ]LRQH VL
EDVDQR VXO PRQLWRUDJJLR FRQWLQXR GL SDUDPHWUL VLJQLILFDWLYL GHOOR VWDWR GHO VLVWHPD
DWWUDYHUVRO¶DSSOLFD]LRQHGLVHQVRULLQQRYDWLYLHGLQWHUFRQQHVVL&RQRVFHUHODFRQGL]LRQHGHL
FRPSRQHQWL FRQVHQWH GL LGHQWLILFDUH LQ WHPSR UHDOH L GDQQHJJLDPHQWL LQWHUYHQHQGR VROR
TXDQGRQHFHVVDULR HSRFRSULPDGHOOD URWWXUD ,QROWUH XQ¶DSSURIRQGLWD DQDOLVL GHL VHJQDOL
DFTXLVLWL SHUPHWWH GL GHWHUPLQDUH OH FDXVH GHO SUREOHPD H VWLPDUH OD YLWD UHVLGXD GHL
FRPSRQHQWL>@8QDFRUUHWWDPDQXWHQ]LRQHROWUHDSUHVHUYDUHVLFXUH]]DHGHYLWDUHULWDUGLH
SHUGLWH GL SURGX]LRQH FRQVHQWH O¶RWWLPL]]D]LRQH H O¶HVWHQVLRQH GHOOD YLWD GHL SURGRWWL H
IRUQLVFHVXSSRUWRSHUODGHFLVLRQHGLVRVWLWXLUHYHFFKLHDWWUH]]DWXUHFRQQXRYHWLSRORJLHSL
VRVWHQLELOL&LzqDOODEDVHGHOO¶economia circolareFKHVLSURSRQHFRPHQXRYRPRGHOORGL
EXVLQHVVFDSDFHGLSRUWDUHEHQHILFLDPELHQWDOLHFRQRPLFLHVRFLDOL>@
$OWUHDWWLYLWjGLULFHUFDVYROWHDOO¶LQWHUQRGLTAILORULJXDUGHUDQQRODSURJHWWD]LRQHH
ODSURWRWLSD]LRQHGLPHFFDQLVPLH VHUYRD]LRQDPHQWL DGHOHYDWHSUHVWD]LRQL FXL VHJXLUj OD
VSHULPHQWD]LRQH VXL EDQFKL SURYD IRUQLWL D WLWROR JUDWXLWR GDSMCFESTO HPneumax 
,QROWUH LO ODERUDWRULR VDUj IRUQLWR GL XQD VWDPSDQWH ' SHU YDOXWDUH O¶LQVHULPHQWR QHO
SURFHVVRSURGXWWLYRGL WHFQLFKHHGL VLVWHPLGLSURWRWLSD]LRQHUDSLGDFKHSHUPHWWRQRXQD
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VO ST
LQFXLV LQGLFD OD OXQJKH]]DGHOPHPEURSLFRUWR O TXHOODGHOPHPEURSL OXQJRH S
H T OH OXQJKH]]H LQWHUPHGLH /D FRQILJXUD]LRQH LQ FXL WXWWL L PHPEUL GHO PHFFDQLVPR
VL DOOLQHDQR YLHQH GHQRPLQDWD FKDQJH SRLQW H LO PHFFDQLVPR q GHILQLWR FKDQJHSRLQW
PHFKDQLVP >±@ R DSSDUWHQHQWH DOOD FDWHJRULD GHL IROGLQJ OLQNDJHV PHFFDQLVPL
³SLHJKHYROL´ >@
6L FRQVLGHUL RUD XQD FDWHQD FLQHPDWLFD FKLXVD FRVWLWXLWD GD WUH PHPEUL ELQDUL HWUH
FRSSLH URWRLGDOL RVVLD XQD FDWHQD FLQHPDWLFD WULDQJRODUH H VL YRJOLD GHWHUPLQDUHLQTXDOH
SXQWRGLRJQL ODWRGHO WULDQJRORVLGHEEDFROORFDUH O¶DVVHGLXQDTXDUWDFRSSLDURWRLGDOH LQ
PRGRGDRWWHQHUHXQTXDGULODWHURDUWLFRODWR IROGLQJ
6L SXz GLPRVWUDUH FKH XQD VROX]LRQH GHO SUREOHPD q FRVWLWXLWD GDL WUH SXQWL GL
WDQJHQ]D 7D7E7F GHL WUH ODWL FRQ OD FLUFRQIHUHQ]D LQVFULWWD QHO WULDQJROR YHGL
)LJXUD D ,Q DOWUL WHUPLQL VH VL FROORFD O¶DVVH GHOOD TXDUWD FRSSLD URWRLGDOH LQXQR
TXDOXQTXH GHL SXQWL GL WDQJHQ]D 7 H VL DVVXPH FRPH WHODLR GHO TXDGULODWHUR DUWLFRODWR
XQ¶DVWD TXDOVLDVL VL RWWLHQH VHPSUH XQ TXDGULODWHUR IROGLQJ 1HO TXDGULODWHUR RWWHQXWR LO
ODWR SL FRUWR q VHPSUH RSSRVWR DO ODWR SL OXQJR H DO FKDQJH SRLQW VL DYUj
VRYUDSSRVL]LRQH VHFRQGROD WHUPLQRORJLDGL*UDVKRIQHOOHGXHFRSSLHGLDVWHDGLDFHQWLV
S H OT
8QDXOWHULRUH VROX]LRQHq LQROWUH FRVWLWXLWDGDL WUHSXQWL 3D 3E3F GL)LJXUD E  FK H
QRQ VRQR DOWUR FKH L SXQWL GL WDQJHQ]D GHL ODWL GHO WULDQJROR FRQ OH ULVSHWWLYH
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/D SUHVHQWH QRWD ULJXDUGD OD SRVVLELOLWj GL UHDOL]]DUH GHL TXDGULODWHUL DUWLFRODWL SLDQL 
SLHJKHYROL IROGLQJ D SDUWLUH GD XQD FDWHQD FLQHPDWLFD FKLXVD 555 RVVLD GD XQD 
FDWHQDFLQHPDWLFDVHQ]DPRELOLWjIRUPDWDGDWUHPHPEULELQDULHWUHFRSSLHURWRLGDOL
6HJXHQGR OD IRUPXOD]LRQH GL *UDVKRI >@ LQ >@ VL GLPRVWUD FKH XQ TXDGULODWHUR 
DUWLFRODWR SXz DVVXPHUH XQD FRQILJXUD]LRQH LQ FXL WXWWL L PHPEUL VRQR DOOLQHDWL FLRqq 
IROGLQJ VH H VROR VH q VRGGLVIDWWD OD FRQGL]LRQH OLPLWH GHO FULWHULR GL *UDVKRI RVVLDVH 
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)LJXUD  &DWHQD555 OH SRVL]LRQL LQ FXL FROORFDUH OD TXDUWD FRSSLD URWRLGDOH SHU
RWWHQHUH XQ TXDGULODWHUR IROGLQJ VRQR L WUH SXQWL GL WDQJHQ]D 7D7E7F GHL WUH ODWLFRQ
ODFLUFRQIHUHQ]DLQVFULWWDQHOWULDQJRORRSSXUHLWUHSXQWL3D3E3FGLWDQJHQ]DGHL ODWL
GHO WULDQJRORFRQ OH ULVSHWWLYHFLUFRQIHUHQ]HH[VFULWWH
FLUFRQIHUHQ]HH[VFULWWH ,QDOWUHSDUROH VHVLFROORFD O¶DVVHGHOODTXDUWDFRSSLDURWRLGDOHLQ
XQR TXDOXQTXH GHL SXQWL 3 H VL DVVXPH FRPH WHODLR GHO TXDGULODWHUR DUWLFRODWRXQ¶DVWD
TXDOVLDVL VLRWWLHQHVHPSUHXQTXDGULODWHUR IROGLQJ ,Q WDOHTXDGULODWHUR LO ODWRSL FRUWR q
VHPSUH DGLDFHQWH DO ODWR SL OXQJR H DO FKDQJH SRLQW VL DYUj GLVWHQVLRQH QHOOH GXH
FRSSLHGLDVWHDGLDFHQWL VOH ST
6H VL HVDPLQDQR WXWWL L FDVL LQ FXL VL SXz FROORFDUH OD TXDUWD FRSSLD URWRLGDOH LQXQR
GHL SXQWL GL WDQJHQ]D 7 R 3  D VHFRQGD GHO PHPEUR FKH YLHQH DVVXQWR D WHODLR VL
GLVWLQJXHUDQQRVLWXD]LRQL SHUFLDVFXQRGHLSXQWLGL WDQJHQ]D
1HO FDVR SL JHQHUDOH LQ FXL LO WULDQJROR GL SDUWHQ]D QRQ VLD Qp LVRVFHOH Qp HTXL
ODWHUR VH WUD L  FDVL VL HOLPLQDQR TXHOOL ULSHWXWL UHVWDQR  GLYHUVL TXDGULODWHUL
IROGLQJ FLDVFXQR GHL TXDOL SXz DVVXPHUH XQD VROD FRQILJXUD]LRQH FKDQJH SRLQW 6L SXz
IDFLOPHQWH YHULILFDUH FKH VL WUDWWD GL  FDVL WUD L  PHQ]LRQDWL LQ >@ FLRq GHL 
TXDGULODWHUL IROGLQJ LQ JUDGR GL DVVXPHUH XQD VROD FRQILJXUD]LRQH FKDQJH SRLQW FLRq
TXHOOL FKH GLIIHULVFRQR GDL  FKH FRPSUHQGRQR LO SDUDOOHORJUDPPD DUWLFRODWR FRQ 
FDVL LO.LWH FRQ FDVL R LO URPER XQ VROR FDVR WXWWL H  LQ JUDGRGL DVVXPHUH SLGL
XQDFRQILJXUD]LRQHFKDQJHSRLQW
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EXTENDED ABSTRACT
Cable-driven parallel robots (CDPRs) have an end-effector (EE) connected to a ﬁxed frame
by cables whose lengths can be controlled by coiling and uncoiling them on cable winches.
Cable-suspended parallel robots (CSPRs) are a subgroup of CDPRs where cables are kept in
tension mainly by gravity, which pulls the EE downwards. CSPRs that use as many cables
n as the number m of degrees of freedom (DOF) of the EE are called fully-constrained: in
particular, we consider a robot of this category.
Cable actuation offers interesting advantages, such as potentially very large workspaces,
but has a fundamental drawback: cable tensions τi must be positive at all times. If inertia
forces are small enough that they can be neglected, this condition requires the EE to remain
within the Static Equilibrium Workspace (SEW), which is the set of poses where static equi-
librium is possible with τi > 0 [1]. Researchers have now shown that inertia forces can help
in keeping cables in tension, even as the robot moves beyond its SEW [2–4]: this can provide
new applications for such robots, as the usable workspace becomes much larger.
Often, it is not necessary to fully control the EE pose: in a purely-translational robot, the
orientation remains constant while only the EE position is controlled. This kind of motion
may be obtained with a robot having 6 cables that are kept pairwise parallel and at the same
length, so that they form three parallelograms.
Some of the ﬁrst CSPRs with an architecture based on this concept are in [5] (for rescue
operations in disaster-struck areas), [6] (for the construction sector), [7] (for large-scale 3D
printing) and [8] (to help disabled people overcome architectural barriers, such as pedestrian
bridges). Often, the robots include more than 6 cables, to guarantee that cable tensions remain
positive, by having the cables pull on each other; in other works, antagonistic jacks pushing
on the EE are employed for the same goal.
In our work, instead, we only use 6 cables, the minimum number for a fully-constrained
robot with a ﬁnite-size EE, with no external tensioning devices. Furthermore, this robot can
be controlled by only 3 actuators, where each motor acts upon two cables in the same paral-
lelogram (which must remain at the same length), which further simpliﬁes design and reduces
the total cost. For this robot, we aim to deﬁne dynamic trajectories that take advantage of the
inertia force on the EE to maintain the cables under tension (and thus to guarantee proper
robot control).
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Since we consider the most general three-parallelogram architecture, some of the CSPRs
introduced in previous works [5,7] are also covered as special cases: in this sense, our present
work unites and further develops previous research on both 3-DOF spatial cable robots and
dynamically feasible motions for CSPRs.
Having deﬁned the geometry of the robot and assuming that no external forces are ex-
erted on the EE besides gravity and inertia, we derive the conditions that guarantee positive
tensions in all cables, for the most general robot architecture. Then, we introduce a special
geometry, such that the robot’s dynamic equations are equivalent to those of a virtual 3-
cable robot with point-mass EE: this allows the equations of motion to be greatly simpliﬁed.
With this architecture, the results on the feasibility of dynamic motions of 3-cable point-mass
robots that we obtained in our previous work [2] can be reused. Furthermore, for this simpler
geometry, the SEW of the robot can be described analytically and has a simple geometric
shape; see for instance [5, 6], where the SEW had to be found numerically.
To provide a full analysis of our robot, we also derive the singularity locus: here, we can
distinguish between actuation singularities and constraint singularities, where in the latter
the robot gains an additional DOF [9]. Also, we analytically deﬁne the zones of possible cable
interference; it is found that, under some conditions on the placement of the cable attachment
points, both the singularity locus and the cable interference zones can be easily deﬁned and
avoided. Finally, we describe the reachable workspace as the set of points where the EE can
be brought when taking into account the limits on the cable lengths.
Finally, experimental results from tests on a prototype are presented.
Our work is currently submitted to a peer-reviewed scientiﬁc journal.
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$GGLWLYHPDQXIDFWXULQJLVDWHFKQRORJ\WKDWSURGXFHVWKUHHGLPHQVLRQDOSDUWVOD\HUE\OD\HU
IURPDYDULHW\RI PDWHULDOV >@,WKDVEHHQUDSLGO\JDLQLQJSRSXODULW\DVDWUXHPDQXIDFWXULQJ
SURFHVVLQUHFHQW\HDUV,QWKHDGGLWLYHPDQXIDFWXULQJSURFHVVDGLJLWDOGDWDILOHLVWUDQVPLWWHG
WRDSURGXFWLRQPDFKLQHZKLFKXOWLPDWHO\WUDQVODWHVDQHQJLQHHULQJGHVLJQLQWRD'SULQWHG
SDUW ZLWK YLUWXDOO\ DQ\ FRQFHLYDEOH VKDSH 7KH PDMRULW\ RI SDUWV SURGXFHG E\ DGGLWLYH
WHFKQRORJLHVDUHQRWSULQWHGVROLG3ULQWLQJVROLGSDUWVUHTXLUHVKLJKDPRXQWVRIPDWHULDODQG
ORQJSULQWWLPHUHVXOWLQJLQKLJKFRVWVDQGVWUXFWXUDOLQHIILFLHQF\7RRSWLPLVHWKHSULQWLQJ
SURFHVVPRVWSDUWVDUHSULQWHGZLWKVROLGVKHOOVDQGILOOHGZLWKDOLJKWZHLJKWFHOOXODUVWUXFWXUH
7KHLQILOOEHKDYHVEDVLFDOO\DVWKHFRUHPDWHULDOLQDVDQGZLFKFRQVWUXFWLRQZLWKWKHPDLQ
DLPRISURYLGLQJGLVWULEXWHGVXSSRUWWRWKHORDGFDUU\LQJRXWHUVKHOOV )LJXUH 7KLVSDSHU
SURSRVHV D VLPSOH WZRVWHS PHWKRG WR GHVLJQ SHULRGLF ILOOLQJ PDWHULDOV EDVHG RQ WKH
FRPELQDWLRQRIWZRZHOOHVWDEOLVKHGVFLHQFHV,QWKHILUVWVWHSWKH'YROXPHWREHILOOHGLV
GLYLGHGLQWRUHJXODUVROLGVE\IROORZLQJWKHUXOHVRIWHVVHOODWHGVSDFHV,QWKHVHFRQGVWHS
HDFK XQLW YROXPH LV UHSODFHG E\ DQ LVRVWDWLF ODWWLFH VWUXFWXUHV REWDLQHG E\ SODFLQJ RQH
GLPHQVLRQDOEHDPVDORQJ WKHHGJHVDQGDFURVV WKH IDFHVRI WKHRULJLQDO VROLG >@7KLV
VLPSOHSURFHGXUHJLYHVULVH WRHQWLUHFODVVHVRIHDVLO\PDQXIDFWXUHGSRURXVPHWDPDWHULDOV
WKDWDUHLQWULQVLFDOO\OLJKWZHLJKWVWURQJDQGVWLII([DPSOHVDUHVXSSOLHGIRUWKHWHVVHOODWLRQ
RI UHJXODU YROXPHV XVLQJ WULDQJXODU VTXDUH DQGKH[DJRQDO SULVPV )LJXUH  DQG IRU WKH
PDSSLQJRILUUHJXODUVKDSHV XVLQJUKRPELFGRGHFDKHGUDWUXQFDWHGRFWDKHGUDDQG:HDLUH±
3KHODQJULGV)LJXUH )LJXUH  VKRZV VDQGZLFKOLNH VWUXFWXUHVPDQXIDFWXUHGZLWK$%6
SRO\PHUE\)XVHG'HSRVLWLRQ0RGHOOLQJWHFKQRORJ\XVLQJWKHXQLWFHOOVRI)LJXUH 
5()(5(1&(6
>@*LEVRQ,5RVHQ':DQG6WXFNHU%Additive manufacturing technologies6SULQJHU
>@ :DGOH\+1*³Multifunctional periodic cellular metals´3KLO7UDQV56RF$±
>@ 'UDJRQL (³Optimal mechanical design of tetrahedral truss cores for sandwich constructions´-
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D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F
)LJXUH  8QLW FHOOVIRUWHVVHOODWLRQRIUHJXODUYROXPHV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WUXQFDWHGRFWDKHGURQEUKRPELFGRGHFDKHGURQF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D E F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E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7KHDLPRIWKLVZRUNLVWRPLQLPL]HWKHVWUHVVFRQFHQWUDWLRQIDFWRURIWKHILOOHWXQGHUD,62
0EROW¶VKHDGWKURXJKDVKDSHRSWLPL]DWLRQSURFHGXUH0DQ\VROXWLRQVDUHVXJJHVWHGLQ
OLWHUDWXUH,QSDUWLFXODU3HGHUVHQ>@SURSRVHVWKHXVHRIVXSHUHOOLSWLFDOVKDSHVUHHQWHULQJ
WKHKHDGZKLFKVWURQJO\UHGXFHVVWUHVVFRQFHQWUDWLRQEXWLVGLIILFXOWWREHPDQXIDFWXUHG
7KHSUHVHQWZRUNSURSRVHVDQLQQRYDWLYHVROXWLRQZKLFKUHSODFHVWKHVWDQGDUGFLUFXODU
ILOOHW ZLWK D GRXEOH FLUFXODU DUF ILOOHW H[WHUQDO WR WKH EROW KHDG WKURXJK D FRPSOHWHO\
DXWRPDWHG VROYLQJ SURFHGXUH 7KLV ZRUN RSWLPL]HV WKLV ILOOHW JHRPHWU\ E\ FRQQHFWLQJ D
FRPPHUFLDOPXOWLSXUSRVHRSWLPL]DWLRQVRIWZDUH9LVXDO'2&DQGDILQLWHHOHPHQW)(
VROYHU$EDTXVWKH3DUWLFOH6ZDUP2SWLPL]DWLRQ362DOJRULWKPDQGDSDUDPHWULF)(
PRGHORIWKHEROWZHUHH[SORLWHGWRVROYHWKHSUREOHP
7KHDQDO\VLVLQYROYHGWZRVWHSV)LUVWZHRSWLPL]HGWKHUDGLXVHVR1DQG R2VHH)LJD
6HFRQGZHRSWLPL]HGDOOWKHIRXUSURMHFWYDULDEOHVWKHKHDG¶VGLDPHWHUDWKHKHLJKWH
DQGWKHWZRILOOHWUDGLXVHVR1DQGR2VHH)LJD
7KHVWUHVVFRQFHQWUDWLRQIDFWRUUHODWLYHWRWKHJURVVFURVVVHFWLRQDODUHDKtgLVGHILQHGLQ
(TQ


Ktg = ımax / ınom 
 

ZKHUHımaxLVWKHPD[LPXP9RQ0LVHVVWUHVVRQWKHILOOHWXQGHUWKHEROWKHDGDQGınom LVWKH
QRPLQDOVWUHVVDFWLQJRQWKHEROWVKDQN
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7KH UHVXOWV LQ )LJ E VKRZ WKH VWUHVV FRQWRXUV LQ WKH EROW KHDG ZKHUH WKH UHG DUHD
FRUUHVSRQGVWRWKHSHDN9RQ0LVHVVWUHVV 

 
D E

)LJXUH'RXEOHDUFSDUDPHWUL]DWLRQRIWKHKHDGILOOHWFRQVLGHULQJDQD[LV\PPHWULFPRGHO
RIWKHEROWDGHWDLORIWKH9RQ0LVHVVWUHVVFRQWRXUVRIWKHRSWLPL]HGJHRPHWU\E

7KHUHVXOWVVKRZWKDWWKHRSWLPDOUDGLXVHVRIWKLVGRXEOHFLUFXODUDUFILOOHWDUHR1=1.52 
mm DQGR2=0.42 mm ZLWKDVWUHVVFRQFHQWUDWLRQIDFWRUKtgHTXDOWR2.52%\FRPSDULVRQ
WKHVWDQGDUGFLUFXODUILOOHWDQGWKHHOOLSWLFDOVKDSHVXJJHVWHGE\3HGHUVHQ>@ERWKH[WHUQDO
WRWKHEROW¶VKHDGKDYHDVWUHVVFRQFHQWUDWLRQIDFWRUKtgHTXDOUHVSHFWLYHO\WR2.92DQG2.67
>@ ,W FRPHV WKDW WKHGRXEOHFLUFXODUDUF ILOOHWKHUHSURSRVHGJUDQWVD UHGXFWLRQRI WKH
PD[LPXPVWUHVVRI13,7%FRPSDUHGZLWKWKHVWDQGDUGFLUFXODUILOOHWDQGRI5,4%FRPSDUHG
ZLWKWKHHOOLSWLFDOVKDSHVROXWLRQ)LQDOO\WKHVLPXOWDQHRXVRSWLPL]DWLRQERWKRIWKHWZRILOOHW
UDGLXVHVR1DQGR2DQGRIWKHKHDG¶VGLDPHWHUD DQGWKHKHLJKWHDOORZVDQ8%GHFUHDVHRI
WKH VWUHVV FRQFHQWUDWLRQ IDFWRU Ktg IURP2.52 GRZQ WR2.32ZLWK VWURQJ LPSURYHPHQW LQ
IDWLJXHOLIHUHVLVWDQFH
5()(5(1&(6
>@1LHOV/3HGHUVHQ³2YHUDOOEROWVWUHVVRSWLPL]DWLRQ´JSA Journal#,0HFK(SS
>@,QERRN:'3LONH\Peterson’s stress concentration factorsQGHG-RKQ:LOH\	6RQV1HZ
<RUNSS
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5LVXOWDDYROWHSRVVLELOHULGXUUHOHWHQVLRQLLQXQFRPSRQHQWHPHFFDQLFRWUDPLWHULPR]LRQH
GLPDWHULDOHGRYHOHJROHVFKHUPRVRQRO¶HVSHGLHQWHPDJJLRUPHQWHQRWR/LPLWDQGRFLDOOH
WUDYL UHWWLOLQHH VRQR GD WHPSR QRWH DOFXQH VLWXD]LRQL QHOOH TXDOL ULPXRYHQGR PDWHULDOH
GDOOH ]RQH GHOOD VH]LRQH SL ORQWDQH GDOO¶DVVH QHXWUR VL RWWLHQH XQD GLPLQX]LRQH GHOOD
WHQVLRQH IOHVVLRQDOH 9LFHYHUVD LQ XQD WUDYH UHWWLOLQHD QRQ VL ULHVFH D ULGXUUH OH WHQVLRQL
IOHVVLRQDOL ULPXRYHQGRPDWHULDOH GDOOH ]RQH FHQWUDOLYLFLQH DOO¶DVVHQHXWUR3DVVDQGRDOOH
WUDYL FXUYH VL SUHVHQWDQR DOFXQL HVHPSL QHL TXDOL VL FRQVHJXH XQD ULGX]LRQH WHQVLRQDOH
ULPXRYHQGRPDWHULDOHGD]RQHSURVVLPHDOO¶DVVHQHXWUR4XHVWRFRPSRUWDPHQWRFRVWLWXLVFH
XQSDUDGRVVRDSSDUHQWHPHQWHVFRQRVFLXWR3HULQWHUSUHWDUHPDWHPDWLFDPHQWHWDOHULVXOWDWR
VLVYLOXSSDXQDSSURFFLREDVDWRVXOOD OLQHDUL]]D]LRQHVHFRQGR*DWHDX[FRQWDOHDSSURFFLR
ULVXOWD SRVVLELOHGHILQLUH DQDOLWLFDPHQWH XQD VWULVFLDQHOO¶LQWRUQRGHOO¶DVVHQHXWUR OD TXDOH
GHOLPLWDOH]RQHGDOOHTXDOLqSRVVLELOHULPXRYHUHPDWHULDOHULGXFHQGRVLPXOWDQHDPHQWH OH
WHQVLRQLIOHVVLRQDOL
$QFKH VH TXHVWR ULVXOWDWR SDUDGRVVDOH ULVXOWD DFFDGHPLFDPHQWH LQWHUHVVDQWH OD
VHYHULWjGHOOD ULFKLHVWDGLFRQWHPSRUDQHDGLPLQX]LRQHGL WHQVLRQHHGL VH]LRQH WUDVYHUVDOH
FRPSRUWD FKH OD GLPLQX]LRQH GL WHQVLRQH SUDWLFDPHQWH FRQVHJXLELOH VLD VSHVVR WURSSR
OLPLWDWDSHUULVXOWDUHWHFQLFDPHQWHYDQWDJJLRVD3HUFRQVHJXLUHULVXOWDWLSUDWLFDPHQWHXWLOLVL
q TXLQGLPLWLJDWR O¶DSSURFFLRSUHFHGHQWH DGRWWDQGR LO FRPSURPHVVRGL DFFHWWDUH XQ OLHYH
DXPHQWRGL WHQVLRQHSXUFKp ODGLPLQX]LRQHGLDUHD ULVXOWLSL ULOHYDQWH%DVDWD VXTXHVWR
DSSURFFLR VL q GHILQLWD DQDOLWLFDPHQWH XQD VWULVFLD SL DPSLD GL TXHOOD SUHFHGHQWHPHQWH
FLWDWD ULPXRYHQGR PDWHULDOH GDOOD TXDOH VL RWWLHQH XQ OLPLWDWR DXPHQWR GL WHQVLRQH
DFFRSSLDWRDGXQDVHQVLELOHGLPLQX]LRQHGLDUHD,PSLHJDQGRWDOHDSSURFFLRVLSURSRQHXQD
RWWLPL]]D]LRQHGLXQRFFKLRFRQSDUWLFRODUH ULJXDUGRDOSLHGHGLELHOOD LQWURGXFHQGRXQD
WDVFDODWHUDOHGLVH]LRQHUHWWDQJRODUHHGLLQJRPEURUDGLDOHYDULDELOHDQJRODUPHQWHFDOLEUDWD
LQPRGRGDSURGXUUHXQD VLWXD]LRQHGL WHQVLRQH XQLIRUPHDO ERUGR LQWHUQRGHOO¶RFFKLR$
FDXVDGHOOHYDULHDSSURVVLPD]LRQLLQWURGRWWHQHOODWHRULDSHURWWHQHUHHVSUHVVLRQLSURJHWWXDOL
LQIRUPDFKLXVDVLLQWHQGHYDOLGDUHLULVXOWDWLDQDOLWLFLWUDPLWHJOL(OHPHQWL)LQLWL
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EXTENDED ABSTRACT 
Human-centred design (HCD) focuses on the inclusion of human factors in product and 
system design in order to respond to physical, psychological, social and cultural needs of 
human beings [1]. It aims at the satisfaction of the user needs related to performances, 
aesthetics, reliability, usability, accessibility and visibility issues, costs, and many other 
aspects. However, the product quality as perceived by users is usually faithfully assessed 
only at the end of the design process, while it is very difficult to predict on 3D CAD model. 
As a consequence, HCD consists of the application of human-related information to the 
design of tools, machines, systems, tasks, jobs, and environments for safe, comfortable, and 
effective human use. As far as industrial system design, the optimization of posture, 
physical overload, perceived effort, discomfort, and physical fatigue is fundamental to 
satisfy the users’ needs and prevent musculoskeletal disorders [2]. In this context, the 
analysis of human factors has a central role in the understanding of human behaviours and 
performance interacting with socio-technical systems, and the application of that 
understanding to design of interactions [3]. 
Traditionally the analysis of human-related aspects of a product is based on physical 
prototypes, which increases product development times and cost. Nowadays, with the 
escalation of the computational power and the decrease of equipment size, digital 
technologies and simulation tools allow virtualizing and assessing the human-product 
interaction in advance, for preventive analyses before products or systems are physically 
realized. Such tools allow products and interaction tasks to be simulated on digital mock-
ups, and human actions and behaviours to be reproduced by digital human models (DHMs) 
[4]. Also wearable instruments designed for hands-free operation can be used during the 
ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
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design stages within immersive environments in order to reduce the intrusiveness and allow 
the wearer to stay focused on their main task and be assisted by the wearable rather than be 
distracted, recording continuously biometric data without additional effort [5]. Furthermore, 
Virtual Reality (VR) technologies can be used to create a 3D immersive simulation 
environment where users are immersed and user experience can be validly simulated and 
assessed [6]. 
The paper proposes a digital set-up where the interaction between products and humans 
interacting with them is digitalized and analysed. Such an environment is useful to predict 
the design criticalities and to improve the global system design. The research approached is 
based on the creation of a virtual environment replicating the human-system interaction and 
collecting data about the behavioural and cognitive responses thought a set of metrics, 
properly selected for the specific case study. Interaction between humans and products or 
systems are in this case digitalized and simulated by the DMU, using both virtual and 
physical items within a Mixed Reality (MR) environment. Metrics aims at measuring both 
physical and cognitive workload in terms of postural comfort, physical stress and fatigue, 
as well as visibility and accessibility, simplicity of actions, interaction support and 
satisfaction on the other hand. The proposed set-up includes different software and 
hardware tools, as follows:  
• Siemens JACK for product digitalization; 
• VICON tracking system for real users’ tracking and manikin digitalization; 
• HAPTION RTI plug-in for connection among real user movements and virtual 
manikin movements. 
• a set of VICON Bonita cameras for motion capture; 
• a set of 3D printed rigid bodies with markers for full body marking; 
• a pair of Tobii Pro Glasses 2 to capture eye movements; 
• a Bio Zephyr BioHarness sensor to record human physiological data; 
• a GoPro camera to record the scene. 
The industrial case study has been developed in collaboration with CNH Industrial, 
focusing on tractors, with the final aim to support the cabin human-centred design. The 
study is based on the virtualization of the cabin, where the tractor driver works and interacts 
with commands and controls, and the monitoring of the driver’s physical and mental 
workload to understand the level of comfort, the usability of the interfaces, the level of 
stress, and the perceived quality.  
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'LHOHFWULF HODVWRPHU WUDQVGXFHUV '(7V DUH LQFRPSUHVVLEOH GHIRUPDEOH FDSDFLWRUVPDGH
E\KLJKO\HODVWLFGLHOHFWULFOD\HUVFRDWHGZLWKFRPSOLDQWHOHFWURGHVWKDWPDNHLWSRVVLEOHWR
FRQYHUWPHFKDQLFDOHQHUJ\LQWRGLUHFWFXUUHQWHOHFWULFLW\DQGYLFHYHUVD>@$VVXFKWKH\
FDQEHXVHGWRFRQFHLYHVROLGVWDWHHOHFWURVWDWLFDFWXDWRUVJHQHUDWRUVDQGVHQVRUVH[KLELWLQJ
WKH IROORZLQJ DGYDQWDJHRXV SURSHUWLHV ODUJH HQHUJ\ DQG SRZHU GHQVLWLHV HDVH RI
PDQXIDFWXUHDQGLQWHJUDWLRQJRRGUHVLVWDQFHWRVKRFNVDQGFRUURVLRQVLOHQWRSHUDWLRQORZ
FRVW>@
5HFHQWO\ VW\UHQLF UXEEHU PHPEUDQHV GHPRQVWUDWHG H[FHOOHQW HOHFWURPHFKDQLFDO
SURSHUWLHVIRUWKHGHYHORSPHQWRIKLJKSRZHUGHQVLW\DQGKLJKO\HIILFLHQWGLHOHFWULFHODVWRPHU
WUDQVGXFHUV'(7V,QSDUWLFXODULQH[SHULPHQWDODSSOLFDWLRQVDVJHQHUDWRUVLQIODWHGFLUFXODU
GLDSKUDJP'(7VPDGHLWSRVVLEOHWRFRQVLVWHQWO\FRQYHUWSQHXPDWLFHQHUJ\LQWRHOHFWULFLW\
DWDQHQHUJ\GHQVLW\SHUF\FOHJUHDWHUWKDQ-NJZLWKHYHQKLJKHUQXPEHUVEHLQJH[SHFWHG
IRU'(7VFRQILJXUHGVRDVWRKDYHWKHPDWHULDOZRUNLQJLQXQLIRUPVWDWHVRIGHIRUPDWLRQ
7KHVH H[SHULPHQWHG SHUIRUPDQFHV FDQ KRZHYHU EH VXVWDLQHG IRU D OLPLWHG QXPEHU RI
F\FOHVRQO\ DIWHUZKLFK WKH'(7ZLOO IDLO LUUHYHUVLEO\7RGDWH YHU\ OLWWOH LQIRUPDWLRQ LV
DYDLODEOH RQ WKH IDWLJXH OLIH SHUIRUPDQFHV RI GLHOHFWULF HODVWRPHU PDWHULDOV DQG RI WKH
WUDQVGXFHUV PDGH WKHUHRI >@ +DYLQJ LGHQWLILHG WKH HOHFWULFDO EUHDNGRZQ DV WKH PRVW
SUREDEOHPRGHRI'(7IDLOXUHWKLVSDSHUUHSRUWVIRUWKHILUVWWLPHRQDVHWRIOLIHWLPHFRQVWDQW
HOHFWULFVWUHVVWHVWVFRQGXFWHGRQVW\UHQLFGLHOHFWULFHODVWRPHUPHPEUDQHV>@
6SHFLILFDOO\WKHSUHVHQWDWLRQVWDUWVZLWKDGHVFULSWLRQRIWKHHPSOR\HGH[SHULPHQWDOVHW
XSDQGSURFHGXUHV7KHQLWUHSRUWVDQGGLVFXVVHVWKHREWDLQHGH[SHULPHQWDOUHVXOWV)LQDOO\
LWLQWURGXFHDPRGHOWRSUHGLFW'(7OLIHWLPHWKDWFDQEHXVHGLQDGHVLJQSURFHGXUHWRILQG
RSWLPDOWUDGHRIIVEHWZHHQ'(7SHUIRUPDQFHDQGOLIHWLPHUHOLDELOLW\
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,O VLVWHPDP.T.O. Power Take-OffqXQDSSDUDWRFKHSURYYHGHDGD]LRQDUHJOLRUJDQL LQ
PRYLPHQWRGHOOHPDFFKLQHRSHUDWULFLGHULYDQGRGLUHWWDPHQWHR LQGLUHWWDPHQWH ODSRWHQ]D
QHFHVVDULD GDO PRWRUH GHO WUDWWRUH >@ (VVD q FRVWLWXLWD GD XQ DOEHUR GL WUDVPLVVLRQH XQ
FDPELRGLYHORFLWjHGDXQVLVWHPDGLFRPDQGRSHUO¶LQQHVWRHLOGLVLQQHVWRHGqDSSOLFDWDGL
VHULHSRVWHULRUPHQWHDOWUDWWRUHDOO¶DOWH]]DGHOVXRDVVDOHSRVWHULRUH/¶DOEHURGLWUDVPLVVLRQH
GHO GLVSRVLWLYR WHUPLQD FRQ XQ SURILOR VFDQDODWR DO TXDOH YHQJRQR FROOHJDWH OHPDFFKLQH
RSHUDWULFLWUDPLWHXQDOEHURFDUGDQLFRFKHGHYHUXRWDUHDYHORFLWjLOSLSRVVLELOHSURVVLPD
DGXQYDORUHGHILQLWRGDQRUPDWLYD3HUPDVVLPL]]DUHODSRWHQ]DWUDVIHULELOHLOUHJLPHPRWRUH
GLIXQ]LRQDPHQWRGHOVLVWHPDqSURVVLPRDOUHJLPHGLPDVVLPDSRWHQ]DHURJDWDFKHVLWURYD
LQ SURVVLPLWj GHL SXQWL GL ODYRUR D PLQLPR FRQVXPR VSHFLILFR >@ /D WUDVPLVVLRQH
WUDGL]LRQDOHKDPDQWHQXWRILQGDOODQDVFLWDORVWHVVROD\RXWFRVWUXWWLYRHORVWHVVRSULQFLSLRGL
IXQ]LRQDPHQWRSHUFKpSXUWUDWWDQGRVLGLXQVLVWHPDLQGLVSHQVDELOHSHUSHUPHWWHUHDOWUDWWRUH
GL HVVHUH XQD YHUD H SURSULD FHQWUDOH PRELOH GL SRWHQ]D q UHDOL]]DWD LQ PRGR SLXWWRVWR
VHPSOLFHHGHIILFLHQWH7XWWDYLDODQDWXUDSXUDPHQWHPHFFDQLFDREEOLJDDPDQWHQHUHFRVWDQWH
HGHOHYDWRLOUHJLPHPRWRUHGXUDQWHLOIXQ]LRQDPHQWRDQFKHVHODSRWHQ]DULFKLHVWDDOO¶DOEHUR
GLXVFLWDQRQqHOHYDWD&LzFDXVDXQDXPHQWRGHLFRQVXPLHGHOOHHPLVVLRQLLQTXLQDQWLHG
DFXVWLFKHFKHDOJLRUQRG¶RJJLUHQGRQRQHFHVVDULDODYDOXWD]LRQHGLXQDVROX]LRQHFRVWUXWWLYD
GLIIHUHQWH SHU WUDWWRUL DG HOHYDWD SRWHQ]D 6L HVDPLQD TXLQGL XQD QXRYD DUFKLWHWWXUD FKH
FRQVHQWH GL VXSHUDUH WDOH OLPLWD]LRQH H SHUPHWWH GL RWWHQHUH XQ VLVWHPD PROWR YHUVDWLOH
PDQWHQHQGRDOORVWHVVRWHPSROHVWHVVHFDSDFLWjGHLWUDGL]LRQDOLVLVWHPLGLWUDVPLVVLRQH
,OQXRYRVLVWHPDSURSRVWRGLWLSRLEULGRHOHWWULFRqRWWHQXWRLQVHUHQGRXQPRWRUHHOHWWULFR
FKHIRUQLVFHSRWHQ]DLQSDUDOOHORDOPRWRUHWHUPLFRWUDPLWHXQURWLVPRHSLFLFORLGDOHDGXH
JUDGLGLOLEHUWj6HODSRWHQ]DULFKLHVWDDOO¶DOEHURGLXVFLWDQRQqHOHYDWDWDOHVLVWHPDSHUPHWWH
GLPDQWHQHUQH FRVWDQWH OD YHORFLWj DO YDULDUH GHO UHJLPHGHOPRWRUH WHUPLFR FRQVHQWHQGR
TXLQGLGLPDQWHQHUHLOSXQWRGLIXQ]LRQDPHQWRLQXQD]RQDDFRQVXPRVSHFLILFRULGRWWR
/RVWUXPHQWRSULQFLSDOHDGRWWDWRSHUORVWXGLRSUHOLPLQDUHGHOFRQFHSWq/06,PDJLQH/DE
$PHVLPXQDPELHQWHGLPRGHOOD]LRQHHVLPXOD]LRQHPXOWLILVLFD&RQTXHVWRWRROSDUWHQGR
GDO PRGHOOR GHOOD WUDVPLVVLRQH FODVVLFD YLHQH PRGHOODWR LO SURWRWLSR H YHQJRQR HVHJXLWH
ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
*()'RGLFHVLPD*LRUQDWDGL6WXGLR(WWRUH)XQDLROLOXJOLR%RORJQD
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VLPXOD]LRQL GL IXQ]LRQDPHQWR LQ GLYHUVH FRQGL]LRQL GL FDULFR DSSOLFDWR H UHJLPHPRWRUH
FRQIURQWDQGRFRQILJXUD]LRQHRWWHQXWHYDULDQGRDOFXQLSDUDPHWULGLOD\RXWFRQORVFRSRGL
PHWWHUHLQOXFHVHHLQTXDOLFRQGL]LRQLWDOHSURSRVWDVLDLQJUDGRGLVRGGLVIDUHOHSHUIRUPDQFH
ULFKLHVWH
, ULVXOWDWL KDQQRPHVVR LQ OXFH FKH HIIHWWLYDPHQWH LO VLVWHPD q LQ JUDGR GL IXQ]LRQDUH
FRUUHWWDPHQWHPDQWHQHQGRFLRqODYHORFLWjGHOODSUHVDGLSRWHQ]DSURVVLPDDOODYHORFLWjGL
QRUPDWLYDDOYDULDUHGHOUHJLPHGHOPRWRUHWHUPLFR&LzSHUzDFFDGHHQWURDOFXQLOLPLWLGHO
YDORUHGHOFDULFRDSSOLFDWRDVHFRQGDGHOODFRQILJXUD]LRQHLQHVDPH6LqRVVHUYDWRLQROWUH
FKHLOUDSSRUWRWUDSRWHQ]DPDVVLPDWUDVPLVVLELOHHSRWHQ]DPDVVLPDHURJDELOHGDOPRWRUH
WHUPLFR SUHVHQWD XQ DQGDPHQWR GHFUHVFHQWHFUHVFHQWH FRQ LO UHJLPH PRWRUH 3HU TXHVWR
PRWLYRTXDQGROHFRQGL]LRQLGLFDULFRSHUPHWWRQRXQDGLPLQX]LRQHGHOODYHORFLWjGHOPRWRUH
DFRPEXVWLRQHROWUHDLEHQHILFLRWWHQXWLGDOORVSRVWDPHQWRGHOSXQWRGLIXQ]LRQDPHQWRGHO
PRWRUH VWHVVR VL KD XQ DXPHQWR GHOOD TXRWD GL SRWHQ]D LQVHULWD QHO VLVWHPD WUDVIHULELOH
DOO¶DSSOLFD]LRQHGHOWUDWWRUH
%,%/,2*5$),$
>@*3HOOL]]L0DFFKLQHDJULFROH(GDJULFROH
>@(0HKUGDG*<LPLQH($OL0RGHUQHOHFWULFK\EULGHOHFWULFDQGIXHOFHOOYHKLFOHV&5&3UHVV
)UL]LRQH
3URILOR
VFDQDODWR
&DPELR
$OEHURGL
WUDVPLVVLRQH
)LJXUD0RGHOORGHOO¶DSSDUDWR372FODVVLFR
)LJXUD,OVLVWHPD372FODVVLFR
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6KDSHPHPRU\DOOR\V60$VDUHPDWHULDOVWKDWµUHPHPEHU¶WKHLURULJLQDOVKDSHDIWHUORDGLQJ
DQGUHWXUQEDFNWRWKHLUXQGHIRUPHGVKDSHDIWHUKHDWLQJ7KLVSKHQRPHQRQDULVHVIURPWKH
SKDVHWUDQVLWLRQWKDWRFFXUVXSRQKHDWLQJIURPWKHFROGPDUWHQVLWLFSKDVHWRWKHKRWDXVWHQLWLF
SKDVHDQGPDNHVWKHPLGHDOFDQGLGDWHVIRUXVHLQDFWXDWRUV
2QHPHWKRGRISURGXFLQJDFRPSDFWDQGLQWHJUDWHGDFWXDWRULVWRGHIRUPD60$ZLUHDQG
WKHQSRXUDPDWUL[DURXQGLW>@2QFHWKHPDWUL[W\SLFDOO\PDGHIURPHSR[\UHVLQVROLGLILHV
LWDFWVDVWKHFRXQWHUEDODQFHIRUFHDJDLQVWWKH60$ZLUHSURYLGLQJWKHFODVVLFDODJRQLVW
DQWDJRQLVWZD\RIDFWXDWLRQ7KHVWURNHDQGRXWSXWIRUFHRIVXFKDQDFWXDWRUGHSHQGVRQD
QXPEHURIIDFWRUVLQFOXGLQJWKHPHFKDQLFDOSURSHUWLHVRIWKH60$ZLUHDQGWKHPDWUL[DQG
WKHUHODWLYHYROXPHVRIWKHWZRPDWHULDOVLQWKHFRPSRVLWHDFWXDWRU,QWKLVZRUNDFRPELQHG
DQDO\WLFDODQGQXPHULFDODSSURDFKZLOOEHXVHGWRLQYHVWLJDWHWKHHIIHFWRIWKHVHIDFWRUVRQ
WKHHIILFDF\RIWKHDFWXDWRUDVZHOODVWRILQGWKHRSWLPXPFRQGLWLRQVUHTXLUHGWRDFKLHYHWKH
PD[LPDO VWURNH DQG RXWSXW DFWXDWLRQ IRUFH $ )LQLWH (OHPHQW )( LQYHVWLJDWLRQ RQ WKH
SRVVLELOLW\RIXVLQJVXFKDQDFWXDWRUWRFUHDWHDVDQGZLFKVWUXFWXUHFDSDEOHRIXQGHUJRLQJ
FRQWUROOHG EHQGLQJ GHIRUPDWLRQ WKURXJK WKH VHOHFWLYH DFWLYDWLRQ RI DFWXDWRUV ZLWKLQ WKH
V\VWHPZLOODOVREHFRQVLGHUHG
,Q RUGHU WR VLPXODWH WKH VKDSHPHPRU\ HIIHFW RI WKH 60$ZLUH WKH$XULFFKLR6RX]D
PRGHO >@ DV LPSOHPHQWHG LQ WKH $16<6 )( HQYLURQPHQW ZDV XVHG 7KH RULJLQDO
SDUDPHWHUVIRUWKLVPRGHOZHUHREWDLQHGE\FXUYHILWWLQJWKHPRGHORQH[SHULPHQWDOUHVXOWV
REWDLQHGIURPORDGLQJWHVWVRQD6DHV*HWWHUVPPGLDPHWHU1LWLQROZLUH$VFKHPDWLFRI
WKHVLPXODWLRQPHWKRGRORJ\XVHGLVSUHVHQWHGLQ)LJXUHEHORZ)LUVWWKHZLUHLVVWUHWFKHG
DWDFROGWHPSHUDWXUHPDUWHQVLWLFSKDVHWKHQWKHPDWUL[LVµIRUPHG¶DURXQGWKHZLUHDQGWKH
ZLUH LV UHOHDVHG IURP LWV FRQVWUDLQW UHDFKLQJ DQ LQWHUPHGLDWH HTXLOLEULXP SRVLWLRQ DQG
ILQDOO\WKH60$ZLUHLVKHDWHGXSSHUIRUPLQJWKHDFWXDWLRQ,QRUGHUWRREWDLQDFRPSOHWH
SLFWXUHRIWKHHIIHFWRIWKHDIRUHPHQWLRQHGIDFWRUVRQWKHDFWXDWLRQSRWHQWLDORIWKLVFRPSRVLWH
V\VWHPDQXPEHURIGLIIHUHQWVFHQDULRVZHUHVLPXODWHG LQFOXGLQJDYDULHW\RIPDWUL[ZLUH
YROXPHUDWLRVDQG60$DQGPDWUL[PHFKDQLFDOSURSHUWLHV7KHUHVXOWVREWDLQHGLQGLFDWHWKDW
DOOWKHDQDO\]HGIDFWRUVDUHLQWULQVLFDOO\OLQNHGWRRQHDQRWKHU
ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ
*()'RGLFHVLPD*LRUQDWDGL6WXGLR(WWRUH)XQDLROLOXJOLR%RORJQD
$ ),1,7( (/(0(17 678'< 21 $&78$7256 0$'(
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
)LJXUH 6FKHPDWLFGHSLFWLQJWKHVWHSVXVHGWRVLPXODWHWKH60$PDWUL[DFWXDWRUV

7KHUHODWLYH<RXQJ¶VPRGXOLRIWKHLQLWLDODQGGHWZLQQHGPDUWHQVLWLFSKDVHRIWKH60$
ZLUHSOD\DYLWDOUROHLQGHWHUPLQLQJWKHLGHDOYROXPHRIPDWUL[UHTXLUHGDQGWKHDPRXQWRI
SUHVWUHVVWKDWPXVWEHDSSOLHGWRWKHZLUHLQRUGHUWRREWDLQWKHRSWLPDODFWXDWLRQHIIHFW
7KHLGHDOVWLIIQHVVRIWKHPDWUL[SURGXFHVDIRUFHVXIILFLHQWWRVWRSWKHZLUHIURPUHWXUQLQJ
WR LWV HTXLOLEULXP SRVLWLRQ LQ GHWZLQQHG PDUWHQVLWLF VWDWH ZKLOH DW WKH VDPH WLPH EHLQJ
FRPSOLDQWHQRXJKWROHWWKHZLUHFRQWUDFWDVPXFKDVSRVVLEOHXSRQKHDWLQJ,IWKHWKUHVKROG
VWLIIQHVVYDOXHLVDFKLHYHGWKHQWKHDFWXDWLRQHIIHFWRIWKHFRPSRVLWHZLOOEHFORVHWRWKDWRI
WKH60$ZLUHRQLWVRZQZKLOVWDOVRUHWDLQLQJWKHSRVVLELOLW\RIF\FOLFDFWXDWLRQ+RZHYHU
FHUWDLQFDVHVDOVRH[LVWZKHUHWKLVHIIHFWFDQEHDPSOLILHG,IWKHGHWZLQQHGPDUWHQVLWLFSKDVH
RIWKH60$ZLUHLVOHVVVWLIIWKDQWKDWRIWKHWZLQQHGPDUWHQVLWHDQGDXVWHQLWLFSKDVHDVLV
W\SLFDOO\WKHFDVHLQPDQ\60$VWKHQE\DSSO\LQJDKLJKHUSUHVWUHVVYDOXHRQHPD\DFKLHYH
DJUHDWHUDFWXDWLRQHIIHFWZLWKRXWFKDQJLQJWKHPDWUL[VWLIIQHVV,QWKHVHFDVHVWKHPD[LPXP
VWURNHRIWKH60$ZLUHPDWUL[FRPSRVLWHGHSHQGVSULPDULO\RQWKHPD[LPXPFULWLFDOVWUDLQ
RIWKH60$ZLUH
7KH UHVXOWV REWDLQHG LQ WKLV VWXG\ DUH SURPLVLQJ DQG IROORZLQJ WKH FRQFOXVLRQ RI WKH
DQDO\WLFDODQGQXPHULFDOVWXGLHVWKHQH[WVWHSZLOOEHWRDWWHPSWWRUHDOL]HH[SHULPHQWDOO\D
VPDUWFRPSRVLWHWRYDOLGDWHWKHVHUHVXOWVDVZHOODVLPSOHPHQWWKHVHDFWXDWRUVLQVDQGZLFK
SDQHOVWUXFWXUHVLQRUGHUWRREWDLQDWDLORUHGEHQGLQJUHVSRQVH

5()(5(1&(6
>@%HWWLQL3et al.³&DUERQILEHUUHLQIRUFHGVPDUWODPLQDWHVZLWKHPEHGGHG60$DFWXDWRUV±3DUW,
(PEHGGLQJWHFKQLTXHVDQGLQWHUIDFHDQDO\VLV´J. Mater. Eng. Perform, SS±
>@6RX]D$&0DPL\D(1	=RXDLQ1³7KUHHGLPHQVLRQDOPRGHOIRUVROLGVXQGHUJRLQJVWUHVV
LQGXFHGSKDVHWUDQVIRUPDWLRQV´Eur J Mech A SolidsSS
>@$XULFFKLR)	3HWULQL/³,PSURYHPHQWV DQGDOJRULWKPLFDO FRQVLGHUDWLRQVRQD UHFHQW WKUHH
GLPHQVLRQDOPRGHOGHVFULELQJVWUHVVLQGXFHGVROLGSKDVHWUDQVIRUPDWLRQV´Int. J. Numer. Methods Eng
SS
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'XULQJWKHODWHVWGHFDGHFROODERUDWLYHURERWVQDPHO\PDFKLQHVVSHFLILFDOO\GHVLJQHGIRUWKH
SK\VLFDO LQWHUDFWLRQ ZLWK KXPDQV KDYH EHHQ JUDGXDOO\ PDNLQJ WKHLU WUDQVLWLRQ IURP
ODERUDWRULHV WR UHDOZRUOG DSSOLFDWLRQV >@ 1DWXUDOO\ZKHQHYHU WKH HQYLVDJHG WDVN ZRXOG
EHQHILW IRUPSK\VLFDOKXPDQPDFKLQHLQWHUDFWLRQVDIHW\DQGGHSHQGDELOLW\EHFRPHLVVXHVRI
SDUDPRXQW LPSRUWDQFH >@ 1RQHWKHOHVV HVSHFLDOO\ ZKHQ GHDOLQJ ZLWK FROODERUDWLYH
RSHUDWLRQV LQWKHPDQXIDFWXULQJLQGXVWU\VDIHW\UHJXODWLRQVPD\OHDGWKHSODQWGHVLJQHUWR
IDFHRSSRVLWHJRDOV2QRQHKDQGURERWVVKRXOGLQGHHGEHGHVLJQHGVRDVWRQHYHUFDXVHKDUP
WRSHRSOHERWKGXULQJUHJXODUIXQFWLRQLQJ RULQFDVHRIIDLOXUH2QWKHRWKHUKDQGWKHZLGH
VSUHDG XVH RI LQGXVWULDOPDQLSXODWRUV WUDGLWLRQDOO\ OHYHUDJHV RQ WKHLU FDSDELOLWLHV WR FDUU\
UDWKHUKLJKSD\ORDGV ZKLOHDFKLHYLQJDYHU\IDVWDQGSUHFLVHSRVLWLRQLQJRIWKHHQGHIIHFWRU
7KHVH UHTXLUHPHQWV DUH XVXDOO\ SXUVXHG E\ FRXSOLQJ SRZHUIXO DFWXDWLRQ V\VWHPV ZLWK
H[WUHPHO\ULJLGPHFKDQLFDOVWUXFWXUHVZKLFKKDUGO\FRPSO\ZLWKVDIHW\QHHGVZKHQHYHUWKH
ZRUNHUV DUH VXSSRVHG WR HQWHU WKH URERWZRUNVSDFH7KHUHIRUH WKH HQJLQHHULQJ FKDOOHQJH
ZKHQGHVLJQLQJFROODERUDWLYH URERWLFVV\VWHPVZKLFKKDYH WREHVDIHDQGHIILFLHQWDW WKH
VDPHWLPHLVXVXDOO\WDFNOHG YLDWKHIROORZLQJVWUDWHJLHVi) E\HQKDQFLQJWKHURERWVHQVRU\
DSSDUDWXV ii) E\DGRSWLQJDFWLYH FRQWUROVWUDWHJLHViii) E\UHGXFLQJWKHLQHUWLDRIDQ\PRYLQJ
SDUWHPSOR\LQJOLJKWZHLJKWPDWHULDOVZKHQHYHUSRVVLEOH ,QSDUDOOHODVSUHYLRXVO\SURYHQE\
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In questo volume sono raccolte le memorie presentate in 
occasione della “Dodicesima Giornata di Studio Ettore Funaioli”, 
che si è svolta il 20 luglio 2018 presso la Scuola di Ingegneria e 
Architettura dell’Alma Mater Studiorum – Università di Bologna.
La Giornata è stata organizzata dagli ex allievi del Prof. Ettore 
Funaioli con la collaborazione del DIN – Dipartimento di 
Ingegneria Industriale e della Scuola di Ingegneria e Architettura 
dell’Alma Mater Studiorum – Università di Bologna, e con il 
patrocinio dell’Accademia delle Scienze dell’Istituto di Bologna 
e del GMA – Gruppo di Meccanica Applicata.
Questo volume è stato stampato con il contributo di G.D S.p.A.
AlmaDL è la Biblioteca Digitale dell’Alma Mater Studiorum Università 
di Bologna. AlmaDL ospita al suo interno gli archivi Open Access che 
rendono pubblicamente disponibili i contributi derivanti dalle attività 
di ricerca, didattiche e culturali dell’Ateneo bolognese. AlmaDL attua 
così i principi del movimento internazionale a sostegno dell’accesso 
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assieme a molte altre istituzioni accademiche, di ricerca e di cultura, 
italiane e straniere.
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